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Introduction 
Introduction to pollen development and gene expression 
Flowering plants and their impact in human life 
The evolutionary development in the plant kingdom of the system of sexual reproduc-
tion forms, in general, an important selective advantage over a-sexual reproduction Sexual 
reproduction has the progress of recombination of genetic information including incidental 
mutations that are transmitted to the following generations 
Flowering plants constitute the largest group within the plant kingdom, which 
includes more species than all other phyla of the plant kingdom taken together In addition to 
sexual reproduction, dispersal of flowering plants by seed has much contributed to expansion 
of this group of plant species The impact of flowering plants is not only apparent from their 
contribution to biological diversity but also from their impact through the production of 
oxygen, food, and medicinal drugs for man and livestock and raw material for industry By 
making new combinations of its properties through sexual reproduction, it will be possible to 
obtain plants that better suit the aims for which they are cultivated 
Sexual plant reproduction is studied intensively by biologists for scientific and 
applied purposes The reproductive process of seed plants examples several biologically 
interesting features such as cell differentiation, meiotic and mitotic divisions, polarity cell-
cell interactions and signalling The acquired fundamental knowledge is applied in the field 
of agriculture, plant breeding and horticulture Hence the optimal functioning of sexual 
reproduction in yielding fertile seed of high quality, is an important issue 
Initiation of flowering and anther differentiation 
The initiation of reproduction occurs upon the switch of the vegetative menstem to 
the floral menstem This transition generally requires that plants perceive signals and respond 
to the appropriate environmental conditions, but the exact nature of signals that stimulate the 
switch has yet to be determined Carbohydrates, hormones, calcium, temperature, water and 
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day-length play a role in the initiation of flowering Some of these stimuli are perceived by 
distant parts of the plant, like leaves and roots Thus long-range signals must interact to 
change the fate of the menstem to flowering (Bemier et al, 1993) 
Male reproductive processes in flowering plants are originally described by Esau, 
1977 The formation of the male organs takes place in the stamen that consists of two 
morphologically different parts, the filament and the anther The filament is a stalk that 
anchors the stamen to the flower and serves as a conduit for water and nutrients The anther 
contains reproductive and non-reproductive tissues that cooperate in the formation and 
release of pollen grains Anther development can be roughly divided into two phases During 
the first phase, the morphology is established, the various cells and tissues differentiate, and 
pollen mother cells undergo meiosis At the end of this phase, the anther contains tetrads of 
microspores within the pollen sacs In phase two, microspores differentiate into pollen grains, 
the anthers enlarge and are pushed upward m the flower by filament extension Degeneration 
of non-reproductive anther tissues, like tapetum and endothecium, dehiscence of the entire 
anther and pollen grain release are the final steps in anther development 
The basic plan of the flower consists of four whorls sepals, petals, stamens and pistil 
The stamen pnmordia appear in the third whorl of the developing flower, the number of 
stamens varies with the plant species A set of homeotic genes in various plant species has 
been characterised, which interact to influence primordial specification (reviewed by 
Okamuro е/я/(1993) The specification of the stamen pnmordia occurs independently of the 
presence of other flower organ pnmordia (Huala and Sussex, 1993, Coen 1991, Coen and 
Meyerowitz, 1991) Male-sterile mutants have been identified that are aberrant due to a 
mutation in the b MADS.box homeotic genes that specifies stamen development Examples 
are the class В organ identity genes, APÉTALAS and PISTILLATA, required to specify petal 
and stamen identity in the Arabidopsts flower (Knzek and Meyerowitz 1996) and 
DEFICIENS and GLOBOSA in Anthirrhmum ( Davies et al 1996) Other male-sterile 
mutants have been associated with alterations in mitochondrial DNA (Kofer et al, 1991, 
1992) The high demand for energy in stamen differentiation might be the reason that a 
defect in a mitochondrial gene impairs development (Levings, 1993) However, the exact 
relationship between male sterility and mitochondrial malfunction has yet to be clarified 
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Figure 1.1 Cell lineages and major events that occur during anther differentiation and dehiscence. 
(Goldberg et al. 1993, reproduced with permission from The Plant Cell) 
Cell lineage and fonctions of anther tissues 
Cell lineage studies have shown that the floral meristem consists of three germ layers 
which give rise to the various anther tissues following stamen primordial initiation In most 
cases, individual tissues and cell types are derived from a single germ layer as shown in 
Figure 1 1 (Satina and Blakeslee, 1941, Esau, 1977, Koltunow et al., 1990) The LI 
(ectoderm) layer gives rise to epidermis and stomium, the L2 layer (mesoderm) gives rise to 
pollen mother cells, endothecium and middle-wall layers (between the epidermis and the 
tapetum), and, finally the connective, vascular bundle and circular cell cluster adjacent to the 
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stomium originate from the L3 layer (endoderm) The tapetum develops from two germ 
layers The inner tapetum, centrally positioned in the anther, is derived from the L3 layer 
whereas the outer tapetum, oriented towards the outside of the anther, is derived from the L2 
layer 
Meristem function requires the integrated operation of the three germ cell layers 
Physiological (Stewart et al, 1972) and genetic analysis of flower development yielded 
additional information on signalling between cell layers during reproductive development 
Interactions between those cell layers play an important role in determining the fate of cells 
of each floral menstem germ layer (reviewed by Sussex, 1989, Huala and Sussex, 1993) The 
extent to which cell-autonomous and position-dependent cell interaction processes contribute 
to the formation of the specialised cell types of the anther (Figure 1 1) is unknown yet 
Within a flower bud, the anthers develop synchronously which implies the existence of yet 
unknown mechanism of regulation 
The various sporophytic cell types and tissues in the anther function in nutrient and 
water supply, delivery of pollen cell wall components, production of enzymes for microspore 
release from the tetrads and protection against water loss (Goldberg et al, 1993) 
Pollen development 
The development of the gametophyte within the anther, shown in Figures 1 1 and 1 2, 
starts with the formation of archesponal cells in the anther pnmordia Divisions of the arche-
sponal cells result in a primary parietal layer and an inner primary sporogenous layer The 
cells of the primary sporogenous layer undergo mitotic divisions and diploid meiocytes are 
formed These meiocytes or pollen mother cells enter meiosis The onset of a synchronous 
development to form tetrads of haploid microspores is frequently observed in angiosperms 
(Esau, 1977, Knox, 1984) 
Soon after meiosis is completed, synthesis of the pollen cell wall starts The mature 
wall is composed of two layers, a sculptured outer exine and an inner intine The species-
specific pattern of wall sculpturing is determined by the sporophyte (Heslop-Harrison, 1971, 
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Figure 1.2 Schematic of pollen development typical of most angiosperms (McComick, 1993; 
reproduced with permission from The Plant Cell) 
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Stage Description Bud Length (mm) Figure 1.3 Cytological 
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ndges and wall obvious, high DAPI FCR 
larger, smooth/oval, central nucleus 12-13 
equatorial nucleus 13-14 
polar nucleus 14-15 
Knox 1979). The basic texture for exine patterning, a primexine that functions as a mould for 
exine deposition, has been shown to be present in the cytoplasm even before cleavage of the 
pollen mother cell (Heslop-Harrison, 1971). The primexine is a mould for exine formation 
and is absent from the apertures, resulting in the absence of any exine at these sites (Hess and 
Frosch, 1994). Thus, nuclear genes involved in the formation of the exine pattern must be 
transcribed in the diploid pollen mother cell and not in the haploid microspore. 
In contrast, the inner layer of the pollen wall, the intine, is formed by synthetic 
activities of the gametophyte itself. The intine is formed after release of the young 
microspores from the tetrads and forms the pollen surface at the apertures (Heslop-Harrison, 
1968b; 1975; Knox, R.B., 1984). Proteins are incorporated in this layer and are assumed to 
play a role in pollen tube growth. 
The phase of development of tobacco microspores has been subdivided more 
precisely into seven stages based upon morphology and nuclear condition (Figure 1.3, Twell 
el al., 1993). During microspore development, microspores are connected to each other in a 
tetrad structure in stage I and are released in stage II. The free microspores are small and 
round with the nucleus at a central position. Subsequently, the microspores enlarge and the 
shape changes from round to oval (stage III). In stage IV, cell wall structure is further 
developed and aperture regions are visible. After a slight increase in size of the microspores 
in stage V, the migration of the nucleus to the microspore wall in an equatorial position takes 
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place (stage VI) and a single vacuole is formed. Subsequently, the nucleus moves to the pole 
of the cell (stage VII) prior to microspore mitosis which results in bicellular pollen. During 
the early stages of microspore development starch is formed in most species but it is already 
hydrolysed and consumed at the late microspore stages (McCormick, 1993) 
In 70% of the species the mature pollen grain contains two cells, a small generative 
cell enclosed by a large vegetative cell. Maturation of the pollen grain leads to an increase in 
number of organelles of the vegetative cell. A second period of accumulation of starch takes 
place and lipid is also formed, both substances function as food reserves in some species 
(Esau, 1977 , Knox, RB , 1984; Heslop-Harrison, 1968 , Schroder, M В., 1985 ). The starch 
is partly consumed before ripening; the reminder may either persist or be hydrolysed and 
stored as low molecular weight polysaccharides in the cytoplasm (Pacini et ai, 1990). The 
large vacuole, present in the microspore, remains in the vegetative cell and breaks up into 
smaller units while the total vacuolar volume decreases. The generative cell contains a 
condensed nucleus and less organelles than the vegetative cell. Mitotic division of the 
generative cell gives rise to tricellular pollen In bicellular pollen, the last mitosis leading to 
the formation the sperm cells takes place in the pollen tube during germination After release 
from the anther, the pollen germinates on the stigma of a compatible flower and the pollen 
tube grows through the stigma and style towards the ovary. Interaction of the male gamete 
with the female gamete results in double fertilisation and the onset of a new generation 
(Esau, 1977; Rüssel, S D, 1992; van Went J L. & Willemse Μ Τ M., 1984). 
Definition of microspore 
The asymmetrical mitosis of the microspores forms the transition from the unicellular 
microspore to the bicellular pollen However some researchers, mainly working on species 
with tricellular pollen, use the term microspore also for the bicellular or even for mature 
pollen grains to distinguish these structures from the female megaspore. We follow the 
definition of microspore as restricted to the unicellular structure (Esau, 1977; Mascarenhas, 
1990a and Roeckel et al, 1990) 
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Influence oftapettim on early pollen development 
The tapetum is a specialised layer which completely surrounds the Iocules of the 
anther The development of the tapetum parallels differentiation in the sporogenous tissue 
Tapetal cells are highly active, they form proteins, enzymes, lipids and other components that 
are deposited on the developing pollen wall Pollen wall development begins while the 
tetrads are still enclosed in callose The callosic wall of the tetrad is subsequently degraded 
by the enzyme callase that is secreted from the tapetum The tapetum is considered to have a 
nutritional function by transferring food materials to the developing microspores (Echlin, 
1971) The physiological activity of the tapetum varies during pollen development 
Degeneration of the tapetum occurs before the anther opens, by enzymes produced in the 
tapetum itself (Pacini, 1990, Murgiaera/, 1991) 
Disruption of the tapetum during meiosis of the pollen mother cells causes male-
sterility A cytotoxic gene coupled to the tapetum-specific promoter TA29 destroyed the 
tapetum and prevented pollen formation in transgenic tobacco and Brassica napus (Koltunow 
et al, 1990, Mariani et al, 1990) This illustrates the important role of the tapetum during 
early pollen development 
In petunia, a certain form of male sterility is caused by untimely callase activity This 
results in premature dissolution of the callose wall surrounding the microspores This early 
tapetum function has been mimicked by introduction of a ß-l,3-glucanase coupled to a 
tapetum-specific promoter The transformation resulted in microspores with an abnormally 
thin cell wall. The observed male sterility is the result of by bursting of aberrant microspores 
(Worrall et al, 1992) The correct timing of the dissolution of the callase of the tetrad is then 
essential for the correct development of microspores. 
From a certain point in microsporogenesis, the gametophyte is no longer dependent 
on the tapetum as is evident from several observations First, in vitro culture of late 
microspores in the absence of the tapetum results in fertile pollen (Tupy et al, 1991) The 
contribution of the diploid anther tissues thus could be mimicked by the culture medium. 
Second, cell ablation in the tapetum does not in all cases lead to abortion of microspores 
(Roberts et al ,1995) In this experiment, the anther-specific Arabidopsis APG promoter was 
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used which is active in the tapetum at the early to mid- microspore stage and also in late 
microspores The APG promoter activity m the tapetum starts later than the TA29 promoter 
mentioned above The APG promoter was fused to a nbonuclease coding region (barnase) 
and transferred to tobacco Although the tapetum was disrupted as a result of APG-barnase 
activity at the early to mid-microspore stages, the subsequent microspore and pollen develop-
ment was not inhibited in microspores not inheriting a transgene Only microspores 
inheriting an APG-barnase locus showed loss of cell viability 
In conclusion, after a certain point, the haploid genome can drive the microspore and 
pollen development at an autonomous manner The tapetum is no longer essential as the 
gametophyte has reached the stage of free microspores 
Somatic embryogenesis 
Microspores can be manipulated to switch their developmental programme from a 
gametophytic pathway into a sporophytic direction resulting in haploid embryos The somatic 
embryogenesis of microspores offers plant breeders the opportunity to produce homozygous 
lines of crop plants Drugs like colcemid and colchicine cause a shift from asymmetrical to 
symmetrical mitosis, resulting m a change of the developmental programme from 
gametophytic to sporophytic (Tanaka and Ito 1981, Zaki and Dickinson, 1991, Eady et al, 
1995, Tanaka, 1997,) Colchicine is thought to disrupt the microtubular skeleton involved in 
positioning of the nucleus which results in a symmetrical division The two identical 
daughter cells have the features of the vegetative cell and lack the typical structures of the 
generative cell The subsequent development m vitro of the somatic embryo is almost similar 
to the zygotic embryo (Taylor et al, 1996) The occurrence of microspore-embryogenesis 
shows that fertilisation is not a prerequisite for the embryogénie pathway to take place 
The ability and efficiency of m vitro cultured microspores to develop into embryos 
varies with the treatment and with the plant species In vitro cultured microspores of В 
napvs can be forced into the embryogénie pathway by a temperature treatment (Pechan et al, 
1988, Lichter, 1989, Tanaka et al, 1991) For Nicotiana tabacum and wheat, a starvation 
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treatment in combination with a temperature treatment of m vitro cultured microspores was 
most successful to induce somatic embryogenesis (Touraev et al, 1996) 
Symmetrical division changes the pattern of gene expression that normally occurs 
during the asymmetrical pollen mitosis 1 During pollen development, the late pollen gene 
LAT52 is only expressed in the vegetative cell (Twell, 1992) However, a forced symmetrical 
division showed LAT52 promoter activity in both daughter cells This implies that division 
asymmetry is essential for correct differentiation of the generative cell In contrast, vegetative 
cell-specific transcription is independent of the character of cell division (Eady et al, 1995) 
Gene regulation during pollen development 
Although the morphological and chemical aspects of pollen development have been 
studied in great detail, knowledge of the underlying molecular processes is relatively limited 
The developmental events leading to anther formation and pollen release are precisely timed 
and regulated (Koltunow et al, 1990, Scott et al, 1991a) These processes occur in a strict, 
chronological order that correlates with floral bud size This opens an easy way to collect 
relative homogenous populations of pollen at discrete stages of development 
Regulation of gene expression during pollen development has been analysed for a 
number of anther-specific genes by determining the kinetics of transcripts and proteins 
(Twell et al, 1996, Mascarenhas, J Ρ , 1992, McCormick, S , 1993 ) The analysis of both 
aspects represents the first step m understanding the molecular biology of pollen 
development 
The high transcriptional and translational activity during pollen development leads to 
a considerable increase in the total amount of RNA, mRNA and dry weight from the late 
unicellular microspore stage up to mature pollen A detailed study of the stage-related 
expression of mRNAs in the gametophyte during four developmental stages showed that 
some mRNAs are only present in a single stage Some other mRNAs are present during more 
than one stage but their concentrations vary The latter transcripts either accumulate up to 
maturity, or reach their highest concentration already before anthesis (Schrauwen et al, 
1990, Bedinger and Edgerton, 1990) In addition, there are also RNAs present at a constant 
18 
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level during all stages investigated 
Pollen formation can be divided in two developmental periods, with different sets of 
genes expressed (Mascarenhas, 1990b) Transcripts of the 'early' genes appear soon after 
meiosis and are reduced or undetectable m mature pollen Transcripts of 'late' genes are first 
detected around the time of microspore mitosis and continue to accumulate as pollen 
matures Progress in the isolation of pollen expressed genes has been made by differential 
screening of cDNA libraries from both anthers and pollen In this way genes have also been 
characterised with a less distinct temporal expression pattern than the 'early' and 'late' genes 
(Twelle/a/, 1993) 
The development of the male gametophyte (or pollen grain) requires the coordinated 
control of genes expressed in both the gametophytic and sporophytic generations (reviewed 
by McCormick et al, 1991, Scott et al, 1991a, Bedinger, 1992) Knowledge of the genetic 
basis of the features of pollen development is very limited for the early stages The first step 
to elucidate this process was the isolation of anther-specific genes expressed during early 
pollen development All genes that have been identified and characterised on basis of 
sequence homology, encode proteins of tapetal origin, such as the genes which encode part of 
the callase complex and callase inhibitory proteins The studies of Hird et al (1993) and 
Bucciaglia and Smith (1994) support the hypothesis that the tetrad callose wall is dissolved 
by ß-l,3-glucanases synthesized and secreted by the tapetum (Frankel et al 1969, Izhar and 
Frankel 1971, Steiglitz and Stern, 1973) Other genes have been reported encoding proteins 
that may be involved in pollen exine formation, in lipid transfer, and encoding polypeptides 
with properties of cell wall proteins (reviewed by Goldberg et al, 1993, Schrauwen et al, 
1996) 
Research on pollen development was initially concentrated at the late stages 
(reviewed by McCormick, 1993) This has led to the isolation of numerous late pollen-
specific genes Some late genes might be involved in lipid storage in the developing 
microgametophyte like I3/C98 and E2, sharing resemblance to oleosins and phospholipid 
transfer respectively ( Hodge et al, 1991, Roberts et al, 1991, 1993b, Ross, J H E and 
Murphy, D J ,1996) The chalcone synthase homologous gene BA42 (Shen et al, 1992) may 
be involved in the development and germinabihty of pollen (van der Meer et al, 1992, Ylstra 
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et al, 1992) The gene Bpl9 shares identity to pectin esterase and might be involved in 
pollen tube penetration in the style and in intine formation (Albani et al, 1991) Other late 
genes like the tobacco pollen specific gene NTP303 ( Wetenngs et al, 1992, 1995) and 
tomato pollen predominantly expressed genes LAT 51,LAT52 and LAT 59 ( McCormick, 
1991, Twell et al, 1989, Musschietti et al, 1994) did not reveal analogous functions to 
known proteins but their expression in vegetative tissue and in pollen tubes ( NTP303) 
suggests a role in pollen tube growth To study the function of gene products of these genes 
their expression levels were changed by an antisense approach Pollen expressing antisense 
LAT52 RNA hydrates and germinates abnormally (Musschietti et al, 1994) These results 
suggest a pollen hydration function of the LAT52 gene 
The molecular basis of pollen-specific promoter activity was studied by promoter-
deletion experiments with transgenic plants and in transient assays with coding regions of 
reporter genes (Twell et al, 1990, 1991) By this way, the promoters of the tomato genes 
LAT52, 59, the tobacco gene NTP303 and the В gene Bcpl gene have been characterised in 
detail to search for pollen-specific sequences (Eady et al, 1995, Wetenngs étal, 1995, Xu et 
al, 1993) Promoter function analysis in transformed tobacco plants, with constructs 
containing a heterologous coding sequence under the control of the promoter of the pollen-
specific LAT52 promoter, revealed an expression pattern analogue to the LAT52 gene in the 
wild type tomato plant ( Eady et al, 1995, Martinussen et al, 1995, Musschietti et al ,1994, 
Twell et al, 1990) With transient assays (Eyal et al, 1995, Twell et al, 1991, Wetenngs et 
al, 1995) and gel retardation experiments (Hochstenbach et al, 1996) it was identified that 
pollen specific elements are present within less than 30 bp of the proximal promoter 
The use of cDNA libraries of entire anthers resulted in the isolation of genes whose 
expression is located in sporophytic anther tissue as well as in the gametophyte Although the 
expression of the В napus BA42 gene is limited to the microspore stage, the cellular location 
of gene activity was diverse, as BA42 transcripts were detected in tapetum, peripheral cells of 
the vascular bundle of the anther and in microspores by in situ hybridisation (Shen et al, 
1992) Analysis with the Bgpl promoter of В campestri* fused to GUS and transferred to A 
thahana and the APG promoter of A thaliana fused to GUS and transferred to tobacco 
showed an extended period of expression in the heterologous species, which expression in the 
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tapetum was followed by expression in the gametophytes The APG gene expression was 
shown in late microspores up to late bicellular pollen (Roberts et al, 1993a, Twell et al, 
1993) In contrast, the Bcpl gene was expressed later m the gametophyte from bicellular 
pollen up to mature pollen (Theerakulpisut era/, 1991, Xuetal, 1993) 
Gene transfer from a plant species with bicellular pollen to a species with tncellular 
pollen and vice versa might influence the pattern of anther-specific gene expression 
Research has been carried out with exchange of anther-specific promoters, coupled to a 
reporter gene, between species with bicellular and tncellular pollen The introduction of the 
Bcpl gene of В campestre in A thahana (both tncellular pollen) and tobacco (bicellular 
pollen) resulted only in tobacco m an altered expression pattern In tobacco a loss of express­
ion in tapetum was observed whereas the pollen expression was unaltered (Xu et al, 1993) 
The pollen-specific gene LAT52 which in tomato is first expressed in bicellular pollen, was 
also introduced into Arabidopsis and tobacco The LAT52 promoter activity in tobacco was 
similar to that observed in tomato In contrast, the transfer of the LAT52 gene towards the 
tncellular Arabidopsis caused a premature gene activation in late microspores (Eady et al, 
1994) These observations demonstrate that the different regulation of gene expression may 
be a consequence of the evolutionary divergence that has occurred 
The information available on the genetic regulation of early pollen development is 
mainly confined to the sporophytic anther tissues The difficulty to isolate pure populations 
of microspores and its RNA, the minor contribution of the microspores to the total biomass 
of the entire anther, the high gene activity in the tapetum and the low abundance of 
microspore-specific transcripts in a cDNA library from anthers are reasons for an under­
exposure of microspore-specific genes All genes that were isolated by differential screening 
of anther cDNA libraries showed activity in the tapetum Differential screening of a genomic 
library of В napus resulted in the isolation of the Bp4 gene, using a cDNA probe made 
against developing pollen mRNA This gene was expressed m tetrads up to mature pollen as 
observed by northern analysis The highest level was reached before maturity just after the 
formation of tncellular pollen (Albani et al, 1990) However, the expression in the anther 
was not confirmed as gametophyte-specific by for example, the use of in situ hybridisation 
Adaptations of the differential screening procedure to enhance the isolation of less abundant 
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transcripts have until now not succeeded in the isolation of early genes exclusively expressed 
in microspores (Hodge et al, 1991) 
In conclusion, the knowledge of genes involved in pollen development has been 
focused on 'early' sporophytic genes which are almost all expressed in the tapetum, and 
'late' genes which are maximally expressed m mature pollen Identification and 
characterisation of genes expressed in the microspore stage are the first steps in an approach 
that will contribute to more knowledge of the role of such genes in the formation of pollen 
The failure in all previous studies to isolate microspore-specific genes from total anthers 
prompted us to use isolated microspores The isolation of microspores is a laborious and 
delicate procedure because anthers have to be extruded from tiny flower buds and the 
required disruption of surrounding anther tissues may cause breakdown of the microspores 
The selection of microspores eliminated sporophytic tissues and their interfering gene 
expression 
Pollen development as a model system to study cell differentiation 
Pollen development has unique features since it offers the opportunity to study, in 
haploid cells, cell fate, division, signalling and origin of polarity The molecular biology of 
pollen development as a model system for differentiation, can be studied at different 
developmental stages ranging from a single cell in the microspore up to a maximum of three 
cells (in tncellular pollen) Plant species are available that allow the collection of 
synchronously developing microgametophytes A proof for correct pollen formation is its 
fertility in a bio-assay By in vitro culture, pollen development can be directed to form 
mature pollen or somatic embryos All these aspects make the developing pollen grain a 
unique model system to tackle major questions in developmental biology 
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Choice of tobacco as a model plant 
Tobacco is an extensively studied plant species for which information is available in 
various fields of research such as genetics, biochemistry, morphology and developmental 
biology Tobacco flower bud length corresponds well to the stage of the developing pollen 
The flower is a source of developmentally homogenous gametophytic material The flower 
buds are of sufficient size to enable the differentiation of developmental stages, an advantage 
not present in other plant species such as A thahana Transformation and regeneration 
systems for tobacco are well developed Tobacco gametophytes can easily be cultured m 
vitro to form pollen that is similar m fertility to m planta matured pollen (Van Herpen et al, 
1992) Gametophytic development can be manipulated in vitro into embryogénie 
development resulting m microspore-denved haploid embryos 
Aim of the thesis 
The main objective of this thesis is to obtain insight into the regulation and function 
of gametophytically expressed genes that contribute to early pollen development This work 
was initiated with the isolation of genes at the period in which the microspores prepare for 
mitosis 
We focused at the early microspore stage as a well-defined developmental period 
occurring in a short time interval The early microspore stage, with microspores liberated 
from the tetrads, offers the opportunity to isolate haploid developing microspores Research 
at the early pollen developmental stage, before the asymmetrical mitosis, has the advantage 
that no interference occurs with subsequent pollen development and germination 
Outline of the thesis 
In this chapter, an overview of the current state of knowledge of pollen development 
has been presented To isolate microspore-specific cDNA clones, a cDNA library was 
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synthesised from isolated microspores at the early microspore stage The results of the 
differential screening are presented in Chapter 2 The diversity of the isolated clones was 
investigated to obtain insight into the composition of the microspore-specific mRNA pool 
For a more detailed tissue-specific expression pattern of the isolated cDNA clones, northern 
analysis was carried out (Chapter 2) and a microspore-specific cDNA clone selected 
To obtain information on the microspore-specific nature of the cDNA, the 
corresponding gene was isolated and characterised at the molecular level by its DNA 
sequence The start of transcription was determined to delineate the coding sequence and the 
promoter The putative ancestry of the microspore-specific gene was investigated for two 
reasons First, the presence of the tobacco gene in candidate ancestor species provides insight 
into the ancestor species of tobacco and evolutionary divergence Second, the presence of the 
tobacco gene in other plant species will confirm whether the gene is restricted to some 
particular species The results are reported in Chapter 3 
The spatial and temporal expression of the gene were analysed in detail by in situ 
hybridisation and presented in Chapter 4 The period of promoter activity of the microspore-
specific gene was compared with two other promoters of gametophyte-specific genes, the 
Bp4 gene and the PA2 gene Transgenic plants, containing the promoter of interest coupled to 
the GUS-reporter gene were raised and analysed This revealed a developmental time 
schedule of promoter activity which is shown in Chapter 5 To define the tissue specificity of 
the microspore-specific and the Bp4 promoters more accurately, fusions were made to a 
cytotoxic gene, barnase Each fusion was transferred to tobacco plants and both types of 
transgenic plants were analysed for gene expression in floral and somatic tissues 
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Isolation and characterisation 
Isolation and characterisation of clones selected from a microspore cDNA library 
INTRODUCTION 
As outlined in Chapter 1, pollen formation offers the opportunity to study cell fate, 
division, signalling and origin of polarity in haploid cells The molecular biology of differentiation 
can be studied at well-defined developmental stages in this system that consists of one cell up to a 
maximum of three cells (as in tncellular pollen) 
The differentiation of the male gametophyte (or pollen grain) requires the coordinated 
control of genes expressed in both the gametophytic and sporophytic generations (reviewed by 
McCormick et al, 1991, Scott et α/,1991a, Bedinger,1992) One important aspect of pollen 
development, directed by the haploid genome, is the asymmetrical mitosis of microspores, as can 
be concluded from isolated microspores which undergo mitosis m vitro (Roberts et al ,1995, Тиру 
et al, 1991, Benito Moreno et al, 1988) The resulting bicellular pollen grain consists of two 
unequal daughter cells, the generative and the vegetative cells, that have very different structures 
and cell fates The large vegetative cell contains the bulk of pollen cytoplasm, an abundance of 
stored metabohtes, and represents the metabolic powerhouse, driving pollen germination and 
rapid tube extension In contrast, the generative cell which is completely enclosed by the 
cytoplasm of the vegetative cell, contains at maturity relatively few organelles and stored metabol­
ites The mechanisms that determine the fate of the vegetative and generative cells are unknown 
The number of anther-specific genes in tobacco has been estimated by Kamalay et 
al (1980) in anthers that contained microspores undergoing mitosis Approximately 25,000 
different genes were expressed, of which forty percent were anther-specific How many of these 
transcripts occur exclusively in the developing pollen has not been determined 
Pollen-specific transcripts which accumulate during pollen development and are present at 
their highest concentrations in mature pollen grams are expected to be required for pollen grain 
germination (Scott et al 1991a) Translation of the latter mRNAs starts before germination 
whereas other transcripts are stored for translation during germination (Mascarenhas et al, 1981, 
Тиру et al, 1982) Examples of genes encoding gene products required during germination are 
LA Г52 (Musschietti et al, 1994) and CDPK (Estruch et al, 1994) The absence of a pool of stored 
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messengers m microspores argues against a large-scale delay in translation Transient expression 
of a gene over a short period suggest thet the mRNA is directly translated and that the protein 
functions m a distinct developmental stage 
Microspore mitosis separates the 'early' and 'late' period of pollen developmental genes 
For our research we have focused on the microspore stage in which microspores are liberated 
from the tetrads This stage forms a well-defined short time interval and offers the opportunity to 
isolate haploid developing pollen from the surrounding anther tissues 
We hypothesised that genes exist that are temporarily active in the microspore stage and 
whose expression is limited to the microspore Such genes have not been descnbed so far A 
cDNA library synthesised from entire anthers is unlikely to contain enough specific sequences to 
serve as starting material for isolation of microspore-specific genes (Chapter 1, Scott et al, 
1991b, Goldberg et al, 1993) For this reason, a labonous isolation of early microspores was 
undertaken and purified microspore mRNA was used for construction of a cDNA library 
The microspore cDNA library was been screened differentially RNA from leaf tissue was 
chosen as a negative probe in the first selection Leaf contains a great number of mRN As that are 
different from the messengers in microspores (Kamalay et al, 1980) Therefore it meets our 
requirements to prevent loss of interesting material Clones which reacted negatively with the leaf 
probe and positively with the microspore probe were isolated A selection of these clones was 
analysed for tissue specificity 
RESULTS 
Microspore cDNA library synthesis and differential screening 
A cDNA library in Lambda ZAP Π (Short el al, 1988) was synthesised from poly (A)' 
RNA isolated from early microspores of tobacco The size of the primary library was 1 3 χ IO6 
plaque-forming units The cDNA library was amplified by a factor 3000 and the insert length 
varied from 150 bp to 1100 bp 
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In the first selection 19,000 plaques were analysed by differential screening and 95 
microspore-positive and leaf-negative clones were obtained. From these, 41 clones were screened 
a second time and 39 clones remained microspore-positive and leaf-negative. Positive clones were 
converted into pBluescript plasmids by an in vivo excision procedure. 
Table 2.1. Cross-hybridisation among cDNA clones that reacted microspore-positive and leaf-negative in 
the differential screening. Clone number and size are given. 
GROUP! 
done 
367 
1 3618 
kb 
1.00 
0.90 
GROUP2 
clone 
377 
kb 
0 50 
GROUP 3 
clone 
368 
kb 
1.10 
GROUP 4 
clone 
16 
kb 
0.50 
GROUPS [GROUP 6 
clone 
132 
372 
kb | clone 
0.47 J 11 
0.63 
kb 
0.45 
GROUP7 
done 
14 
22 
35 
365 
13 
21 
378 
kb 
0.50 
0 55 
0.55 
0 45 
0 40 
0.35 
0.32 
GROUP8 
done 
19 
31 
34 
36 
110 
13 
21 
378 
kb 
0.25 
0 30 
0.48 
0 28 
0.30 
0.40 
0.35 
0.32 
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Selected pBluescnpt clones were used in cross-hybridisation experiments to group the 
clones on basis of sequence homology In Table 2 1, the results of the cross-hybndisation 
experiments are shown In total, 20 clones were assigned to 8 hybridisation groups The size of the 
group varied from 1 to 8 members Three clones, 13, 21 and 378, belonged to hybridisation 
groups 7 and 8 The size of the insert was between 250 and 1100 bp Most inserts were in the 
range from 250 to 550 bp 
Table 2.2 Tissue specificity for several selected cDNA clones determined by northern analysis Total 
RNA was used from the following tissues mic= early microspore, ebi= early bicellular pollen, mbi= 
mid-bicellular pollen, Ibi=late bicellular pollen, pis= pistil, flb= flower bud without anthers see= 
seedling, lca= leaf roo= root tips, ste= stem The strength of the hybridisation signal is represented 
by +++ , ++ , + respectively from very extended decreasing to clearly visible, +/- = very weak , - = 
not detectable The abbreviation η t means not tested 
clone 
11 
16 
19 
34 
35 
no 
310 
368 
372 
377 
stage of developing pollen 
mie 
++ 
+++ 
+++ 
+++ 
+ 
+++ 
+ 
+ 
+ 
+-H-
ebi 
+ 
-
-
+ 
++ 
-
-
-
-
+ 
mbi 
+ 
+++ 
-
+ 
+ 
-
-
+ 
+ 
+ 
Ibi 
+ 
+++ 
-
-
-
-
+/-
+ 
-
plant tissues 
pis 
++ 
-
-
-
-
-
-
-
-
fib 
+ 
+ 
-
-
++ 
-
-
• H -
+ 
-
see 
+ 
+/-
-
-
+ 
-
-
+ 
-
-
lea 
+ 
-
-
-
+ 
-
-
+ 
-
-
roo 
+ 
-
-
+ 
n t 
n t 
-
+/-
-
-
ste 
+ 
+/-
-
-
+ 
-
-
+ 
_ 
-
length (nt) 
insert 
450 
500 
250 
450 
600 
300 
400 
1100 
600 
500 
transcript 
3000 
1700 
650 
1900 
1500 
650 
800 
2000 
1700 
1200 
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Figure 2.1. Northern blot analysis of 
pollen Other the expression of gene NTM19 
development plant tissues 25 ng total RNA from pollen at difièr-
^ ^ ^ ^ ^ ™ ^ ^ ^ ^ ^ ^ ™
1
^ ^ ™ ^ ^ ^ ™ ent developmental stages and various 
MiEBiMBi LBi Pi FB Se L R St plant tissues was hybridised with a 32P-
labelled NTM19 cDNA probe. 
Abbreviations 
Mic= microspores, EBi= early 
bicellular pollen, MBi= mid-bicellular 
pollen, LBi= late bicellular pollen, 
f Pi=Pistil, FB= flower buds without anthers, Se= seedling, L= leaf, R= root 
tips, St= stem The size of the mRNA 
was determined by using the ribosomal 
bands as markers 
Tissue specificity ofcDNA clones hybridising preferentially with microspore cDNA 
The longest cDNA clone of all hybridisation groups except for group 1, was chosen and 
tested for tissue specificity by a northern analysis with a variety of stages in pollen development 
and a variety of tissues In addition, clone 310, also obtained by the differential screening but not 
connected to one of the hybridisation groups, was selected for its insert size of 400 bp The tissue 
specificity of the clones analysed is shown in Table 2 2 The size of the inserts of the cDNA 
clones and the corresponding transcript length are also given All cDNA clones used in northern 
analysis were found to be partial clones. 
Various patterns were observed on the northern blots A microspore-specific pattern was 
seen for clones 19, 110 and 310. The microspore-specificity of clone 19 is shown in Figure 2 1 
Expression in several stages of developing pollen was observed for clone 377. Clone 377 shows 
the highest level of transcripts in microspores which is diminished in early and mid-bicellular 
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Figure 2.2. Northern blot analysis of 
the expression of gene transcripts 
pollen Other corresponding to clone 16 in different 
development plant tissues plant tissues. 
25 ug total RNA from pollen at 
M EBi МВІ LBi Pi FB Se L R St J M « 1 L Λ I » I JL A 
different developmental stages and 
various plant tissues was hybridised 
with a 32P-labelled clone 16 cDNA 
probe. Abbreviations: 
Mic= microspores. EBi= early 
bicellular pollen, MBi= mid-bicellular 
1700 nt
 р о
ц
е П і
 LBi= late bicellular pollen, 
Pi=Pistil, FB= flower buds without 
anthers, Se= seedling, L= leaf. R= root 
tips, St= stem The size of the mRNA 
was determined by using the ribosomal 
bands as markers. 
' I' 
pollen and expression is absent in mature pollen. Gene expression in both generative and 
vegetative tissues was seen in the other clones with some differences in tissue specificity. Clones 
16, 34, 368 and 372 showed a hybridisation signal in pollen almost throughout development and 
in some vegetative plant tissues. Clones 16, 368 and 372 have a remarkable, interrupted 
expression pattern during pollen development. In all stages, except the early bicellular pollen 
stage, expression was found. Northern blot analyis of clone 16 is presented in Figure 2.2. Clones 
11, 35 and 368 showed expression in several vegetative tissues, even in leaf which represented the 
negative probe in differential screening. 
For molecular analysis of haploid genome expression one microspore-specific clone was 
selected. Clones 19 and 110 showed both a strong hybridisation signal in northern analysis and 
belonged to the same hybridisation group Clone 310 was considered less suitable because of a 
weak hybridisation signal. Arbitrarily, clone 19 was chosen for further analysis and was named 
NTMI9. NTM stands for Nicoziana tabacum microspore-specific. The microspore specificity of 
NTM19 is shown in Figure 2.2 
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DISCUSSION 
A cDNA library constructed from mRNA isolated from early microspores was to 
identify genes in the haploid genome involved in microspore development The differential 
screening has resulted in the isolation of three cDNA clones from genes which appear to be 
exclusively expressed in the microspore This unique microspore-specific expression pattern, 
without expression in bicellular pollen of different developmental stages or in vegetative 
tissues, has never been reported before Clone 19 was selected for further analysis on basis of 
the strength of the hybridisation signal at the microspore stage and named NTM19, from 
Nicotiana tabacum microspore-specific 
A collection of transcripts homogeneous in respect to temporal and spatial expression 
was obtained The choice of isolated microspores at a distinct stage, instead of complete 
anthers as starting material for a cDNA library to identify microspore-specific expressed 
genes, has been proven successful 
Several patterns of tissue specificity were observed among the selected group of 
microspore-positive and leaf-negative clones obtained by differential screening The clones 
were ordered into cross-hybridisation groups Representatives of each group were chosen to 
analyse the tissue specificity of the corresponding mRNAs 
The three microspore-specific cDNA clones represent at least two different genes As 
clone 19 and 110 belong to the same hybridisation group with an identical size of the 
transcript, these clones may represent a similar transcript 
The observed patterns of gene expression at different stages of pollen development 
revealed two interesting features Clone 377 showed a strong hybridisation signal in the 
microspore stage that is distinctly weakened in the early and mid-bicellular stage Such a 
pattern has not been reported until now 
From the group of clones with both a gametophytic and sporophytic presence of the 
represented transcripts, three clones (16, 368 and 372) have a rather peculiar expression 
pattern with regard to pollen development An interrupted pattern was shown by expression 
in microspores followed by an absence of transcripts in the early bicellular stage The 
transcripts were found again in the mid- and late bicellular pollen Particularly, clone 16 
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shows a rather strong hybridisation signal in the expressed stages The occurence of a 
biphasic expression pattern in the male gametophyte was also reported for the anther-specific 
Arabidopsis APG gene (Twell et α/ ,1993) The cDNA clones which show also expression in 
other stages than the microspore stage were beyond the scope of our research and therefore a 
detailed analysis was not undertaken The hybridisation signal obtained by northern analysis 
in leaf for clones 11, 35 and 368 may have been observed due to higher sensitivity of this 
technique compared to differential screening When ΝΊΜ19 was used as a probe to screen 
the amplified cDNA library a rather high abundance of 0 5 % of this clone was obtained 
Sambrook et al (1989) calculated from hybridisation kinetics a prerequisite of a 0 05 % 
abundancy of an mRNA of interest to allow detection if the heterogeneous probe represented 
the same mRNA pool This detection limit agrees with the found abundancy percentage for 
ΝΊΜ19 A preference in amplification for shorter sequences compared to longer ones may 
cause a slight difference between the transcript population found m the microspore and the 
population represented in the amplified cDNA library 
The restrictions of differential screening would result in an underestimation of the 
percentage of microspore-positive cDNA clones because only the highly abundant 
microspore-positive cDNA clones would be detected In mature pollen of Tradescantia 
paludosa 15 % of all transcripts are abundant (Mascarenhas, 1989) The concentration of the 
other 85 % of the transcripts is beyond the limit to be isolated by differential screening An 
interpretation for microspores can only be made by the first assumption that the 
gametophyte-specific clones are equally distributed among the abundancy classes as the total 
of transcipts (15 % in the highly abundant class) The second assumption is that the 
percentage transcripts in the high abundance class in microspores is of the same size as in 
mature pollen In this situation, the microspore-specific part would be underestimated by a 
factor 6 by use of differential screening The accumulation of mRNA's in mature pollen is 
not determined in microspores and therefore the class of abundant transcripts in microspores 
may be even smaller leading to a higher underestimation of the microspore-specific 
percentage of transcripts 
The expression of NTM19 is only seen in a single stage of development the 
microspore The hypothesised existence of genes exclusively expressed in the microspore 
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seems likely Earlier found microspore-specific and pollen-specific genes described 
elsewhere are not exclusively expressed during microsporogenesis (Albani et al 1990) or are 
also expressed in vegetative plant tissues (Scott et al ,1991a, 1991b) 
In conclusion, the NrIM19 gene has a unique expression with respect to stage-
specificity and microspore localisation Its isolation is the outcome of a new approach in 
which cDNA is prepared from mRNA in microspores A more detailed characterisation of 
the ΝΊΜ19 gene will contribute to insight in the regulatory sequences of this gene and m the 
functioning of the haploid genome in pollen development 
EXPERIMENTAL PROCEDURES 
Plant material 
Plants of Nicotiana tabacum L cv 'Petit Havana' SRI ( Maliga et al 1973, species number 
904750317 in the Botanical Garden University of Nijmegen registrated) were grown in soil in the green­
house Flower buds of 10-12 mm length were collected, their anther content was isolated as descnbed for 
microspore isolation (Schrauwen et al ,1990) Earl·} bicellular pollen from bud length of 18-22 mm, mid-
bicellular pollen from bud length 28-32 mm and late bicellular pollen from bud length 46-48 mm was 
isolated in the same way 
Isolation of nucleic ααώ 
RNA was isolated with guamdine thiocyanate as RNase inhibitor by the procedure of Cathala et al 
(1983) with minor modifications All plant tissues including the microspores were frozen in liquid nitrogen 
and ground in a prechillcd mortar The ground material was brought in 2 ml lysis buffer and after 
centnfugation at 3000 g for 10 mm at 15°C, the supernatant was collected The duration of all 
centnmgation steps in the procedure was shortened to 20 mm 
Messenger RNA was prepared m two ways mRNA to be used for the synthesis of the cDNA 
library was bound on the surface of ohgo(dT) Dynabeads (Dynal) by the method of Jakobson et al (1990) 
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mRNA used to svnthesise single-stranded cDNA as a probe was isolated as described bv Sambrook et 
al (1989) 
Plasmid DNA was isolated according to standard procedures (Sambrook et al, 1989) 
cDNA hbrary construction and screening 
A cDNA library m Lambda ZAP II (Short et al, 1988) was made from mRNA of microspores 
The cloning kit of Stratagene and their Gold Packaging Extract were used The cDNA library was 
amplified once prior to screening 
Differential screening was done on duplicate plaque filters with 32P-labclled single stranded cDNA 
probes prepared from either mRNA from microspores or young leaf tissue The single-stranded cDNA 
probes were made with the reverse transcriptase 'Superscript' kit from GIBCO/BRL using 2 μg mRNA, 
random hcxamenc primers and 7 5 ml a32P ATP, specific activity 110 TBq mmol ' (Amcisham) to be used 
for 10 filters of 9 cm diameter The screening procedure of Stratagene was followed with use of 
nitrocellulose filters (BA85 Schleicher & Schuell) and a hybridisation and washing temperature of 55°C 
Selected plaques were isolated and the λ ZAP II phagemids subjected to m vivo excision to forni a 
pBluescnpt plasmid as desenbed by the manufacturer (Stratagene, 1990) 
Cross hybridisation 
Selected clones were divided into groups by cross hybridisation DNA was isolated by alkaline 
lysis (Sambrook et al 1989) and the insert liberated by digestion with /icoRI and Xhol The insert DNA 
was separated from the vector on a 1 % (w/v) agarose gel and capillary transferred at Hybond-N membrane 
(Ameisham) according to Southern (1975) The DNA was bound by baking at 80°C for 2 hours Preh>bn-
disation and hybndisation were earned out at 55°C as desenbed by Sambrook et al (1989) for low 
abundant sequences without use of formamide The same temperature was used for washings of the blots 
during 30 mm in 0 1 % SDS containing 6*SSC, then the SSC content was lowered in steps to 2*SSC, 
0 5*SSC, 0 2*SSC and finally 0 1*SSC The washing was stopped when the radio-active signal detected 
b> a GM-monitor ( 0 58 mm ) counted beneath 25 cps Autoradiography was done with Kodak XAR film 
and an intensifying screen at -80°C 
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Northern blot analysis 
Samples of 25 μ§ total RNA were denatured, electrophorcsed on 1 % (vv/v) agarose formaldehyde 
gel, and capillary transferred to Hybond-N membrane (Amcrsham) according to Sambrook (1989) The 
rRNA bands were used as size markers The RNA was bound to the membrane by baking for 2 hours at 
80°C The same probe as in the screening of the genomic library was used Hybndisation was earned out 
overnight at 65°C in 6*SSC, 5*Denhardt's reagent, 0 5% SDS, 100 mg/ml denatured hemng sperm DNA 
Washing was done at the same temperature during 30 mm in 2*SSC, 0 1% SDS followed by 0 5*SSC, 
0 1% SDS 
Filters were exposed to Kodak X-OMAT AR film with intensify ing screens at -80°C 
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Sequence analysis 
Isolation and characterisation of a microspore-specific gene: sequence analysis and species 
distribution 
INTRODUCTION 
Three cDNAs were isolated and characterised corresponding to genes transiently 
expressed during the microspore stage as a first step in the search of specific gene expression 
during early pollen development (Chapter 1) One of these early genes was represented by the 
NTM19 cDNA described in the preceding chapter A screening of a genomic library with part of 
the ΝΊΜΙ9 cDNA as a probe resulted in the isolation of the NTM19 gene The gene was 
sequenced and its characteristics are reported here The transcription start point was also deter­
mined 
The presence of a gene family of ΝΊΜ19 was investigated If the gene of interest belongs 
to a gene family, hybridisation conditions have to be selective enough to distinguish family 
members As tobacco is an amphidiploid species, the chance that a tobacco gene belongs to a gene 
family is greater than in diploid genomes because tobacco has evolved from a fusion of genomes 
of two diploid plant species 
In addition, the obtained information about of the presence of the NTM19 gene among 
other species may contribute to the determination of the ancestral species of tobacco There is no 
consensus about the ancestry of the amphidiploid tobacco Nitoticaia sylvestris is generally 
accepted as one ancestor, but for the second ancestor N tomentosiformis and N otophora are 
candidates (Kenton et al, 1993, Van et al, 1992) To address the controverse about the putative 
ancestral species of tobacco, the inheritance of the ΝΊΜ19 gene from its ancestors was investi­
gated If ΝΊΜΙ9 belongs to a gene family, its family members could give additional information 
about the origin of tobacco In this way, molecular biology offers an entrance to address unsolved 
taxonomie questions because taxonomie relations between species can be characterised by 
Southern blotting DNA of the investigated species is probed with a gene sequence originating 
from one of these species Comparison of the hybridisation patterns obtained may give insight in 
the taxonomy of these species The inheritance of the ΝΊΜΙ9 gene and its putative family 
members may contribute to solving the problem of the ancestry of tobacco 
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A gene presumed to function in a fundamental process as pollen development would be 
expected to be widely spread among plants A search for the gene in other plant species was 
therefore done to make clear how conserved the MM19 gene is among other plant species For 
several genes which are specifically expressed during pollen development, homologues have been 
isolated from other plant species An example of such a homology among various plants is the late 
pollen-specific gene NTP303 of tobacco (Wetenngs et al, 1992) Homologous genes were 
independently isolated from tomato (LAT51, 91 % amino acid homology, Ursin et cd, 1989) and 
В napus (BplO, 64 % amino acid homology, Albani et al, 1992) The transcripts of these genes 
are abundantly present in mature pollen 
In the preceding chapter, the NTM19 gene was found to be transenbed m a narrow time 
interval during microsporogenesis To confirm this observation, particle gun experiments (Twell 
et al, 1993) were earned out with the ΝΊΜ19 promoter fused to a reporter gene Microspores and 
pollen were bombarded at various stages of microspore development and the activity of the 
promoter was determined in a transient expression assay 
RESULTS 
halation of α ΝΊΜ19 genomic clone 
The longest cDNA clone found (described in chapter 2) contained 490 of the 
approximately 650 nucleotides of the transcript Sequence analysis of the incomplete transcript 
translated in all three possible reading frames revealed a 56 amino acid sequence as the longest 
open reading frame Outside this open reading frame, there was a 325 nucleotides 3' untranslated 
region To complete the transcript sequence m the 5' direction and to investigate the promoter 
features, a genomic clone was isolated 
A 240 nt part of the 3'untranslated region was used as a probe to screen a genomic 
tobacco library Generally, in the untranslated regions of a transcript the restraint on evolutionary 
divergence is low and therefore this sequence usually identifies the corresponding gene Three 
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hybridising genomic clones were isolated and restriction maps were made which were identical 
(Fig 3 1) Hence it was concluded that the clones contained the same insert 
To define the part of the genomic clone containing the NTMI9 sequence, restriction frag­
ments were probed with the entire NTM19 cDNA insert (including the open reading frame) From 
the entire genomic clone of 11 kb a subclone of 3 kb was made that covered the hybridising 
region of the genomic clone to the cDNA clone This clone contained a 5' region of 1700 
nucleotides upstream of the known cDNA sequences and was used in the promoter analysis, 
descnbed in Chapter 5 
Fig. 3.1. A restriction map of the genomic clone NTMI9 The sequence region used as a probe in Southern 
analysis marked black The start of the open reading frame, marked by an A, is shaded The sites where the 
restnction enzymes cut are marked K= Kpnl, N= Nui, E=AcoRI, P=PvwII, X= Xho\ 
Sequence characterisation and start of transcription of the NIM gene 
To identify the gene, a sequence analysis of the two genomic subclones and the partial 
cDNA clone were performed starting at the 5'end at the ВатШ site (Figure 3 2) The cDNA 
region combined with a contiguous sequence of the genomic clone revealed the same open 
reading frame, as selected for the cDNA clone alone, ranging from position +40 to +316 bp, 
relative to the transcription start This open reading frame encodes a protein of 92 amino acids 
The translation initiation region, 6 nucleotides immediately upstream and 3 nucleotides down­
stream of the ATG start codon, is also found in other plant genes (Kozak, 1987) and supported 
the estimation of the used reading frame The 3 nucleotides forming the second codon following 
the start codon mamly encode alanine as is also found m NTM19 
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GATCCÄGATTTATAGGGTCCTAATGCGGGTACTGAACACCAGGTGGGAAACAAAAAATAT - θ 93 
ACAGAACAACTCCTTTAGAATTTACAATTTTTGAGCGTGTTGGCTTGGTACGATTCTACT - 8 3 3 
TTTCATATCTCTCGTCATCTCCTAACTCCTATGGTTCACCAGCCACCGATTAATTATGAC - 773 
ACCGCTAACAAAAATCTTGCGACGACATTGAGAGAAATTTCTTTTCATAAATTGGTAATT - 713 
CGTACATCATTTATAGGCGTTAGCTATAACCTTTTAGTTAGTGAATACAATACTTTTTGC - 6 5 3 
TATTATTATGTAACTTTTAGATATGAATTTACTTTCAAAAAAAAAAAAAGGATCGATGTT -5 9 3 
GGTTATCAACTAAGGACCAACCACTTTGGACGTCTCACCACTAAGTTAAATAAATCACTT -53 3 
TGTTCTCGAAAAAAACCCCAAAAGTGTTAAAATGCTTTTCATATCÄTAATCAAACAACGT -4 73 
GATTAATAAAATCTATTAAGTTAATAGAAGTAGGGAATAAATCGGGCAAAAGAATTTGAT -413 
ACAAACCAAACCGGTCAAAAAAGCTAGTATTCATATAAATGGACTATACAAGTTAATACC -3 53 
AGCTAGCÄGAAATTAAATAGTTTATTAAGTTGATTACAAAACAATTCCTCATTTAAAAAA -2 93 
AGTTAATGTAATCAAGAGATCTTTTGCTTCTAATTGATCAGACGAGGACCCCTCTTATTT -2 3 3 
ATTTTCTTTTTCATATAAGATTTTGAATAGATATAGGGAAATCTTGTTCACTCTTTATCT -173 
ACTTCAAATTGCATGCATTTTAAGAATTCTCTTTGTATGCAAACTTCAGTATTTATGATT -113 
GACÄTAAATCAATATTCATATCTTCGATAAAGTTAATAACTCTCCTAATACTTATGAATA - 53 
TCTCTTCCTTTACAACCCTATAAAACCCCCCACTATAGCTACCTTCATAATTCATCTTAG + 7 
A 
AGTACCAACCCTAAATTTCTTAGTGATTAACCATGGCTAAGAAAAGTCTCACTTTTCTCA +67 
M A K K S L T F L aa9 
TTTGCÄTTTTCCTACTTCTCAATTTATGTTTTGCAATTGAGAACGTAGAAACTATGCAAA +127 
I C I F L L L N L C F A<-> I E N V E T M Q aa29 
AATCGGATTCATCGTCACAAGATAAAGAATTAGATTGGTTTCATCCGTGGTTCCATCCAC +1θ 7 
K S D S S S Q D K E L D W F Η Ρ W F Η Ρ aa49 
= * * 
ATCCATGGTGGCTACATCCACATCCATGGCCATTCGTTCATCCGCCAATGCCAGCTGGCG +247 
H P W W L H P H P W P F V H P P M P A G aa69 
* * * * * * * * 
GTTTTCATCÄTGCATGGCCATTCCCCCATCCACCGATGCCTGCTGGTGGTTTTAAGTTTC +307 
G F H H A W P F P H P P M P A G G F K F aa89 
(V) 
CTCATCAATAATTTCATCGTCATCCÄTGGCCATTCATGCATCCACCAGTTCCATCTCCAC +367 
Ρ Η Q aa92 
CTAAAGGAGACAAGAATTAATTGAAAATATGAAGAGAAGTGTTGGATCAACATCTTATTG +427 
ATCACÄTATTTTTCTTTAGGTTAATATCTTTAGGATTTATGTCTTAGGTTATTTTTGATA +4 87 
AAAATTAAAATAAATGATCGTTCTAGGGTAGTTATTATAATTTCTTAGATTTTTCCAAGT +567 
AGCTTTCGATGGTAGAAATGTTATTAATTTGATTCGGCTTATCATGAAATAAAATCCGTA +627 
GTATTATTGCTTTAGCTTTTATGATTTGTAGTTATTTTATGTTGATTGTTCTCCATTT +687 
Figure 3.2. Nucleotide and deduced amino acid sequence of the ΚΓΜ19 gene The TATA box and 
polyadcnylation site arc underlined, the transcription start is marked with an arrowhead The change in 
amino acid in the cDNA clone from cv Peut Havana relative to the genomic clone from cv Samsun is 
bracketed A possible cleavage site for the signal sequence is indicated by a double arrow Three repeats in 
the amino acid with a length of 9, 5 and 4 residues are shown by resp dashed lines, asterisks and 
continuous lines A possible phosphorylated senne is double underlined 
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An alternative reading frame would result in a 65 amino acid polypeptide but did not fit 
with other data such as the normally found distance to the transcription start (Joshi, 1987a) The 
putative polyadenylation signal is underlined in Figure 3 2 (Joshi, 1987b) and is followed by a 
poly(A)tail at a distance of 20 nucleotides 
The transcription start was determined by pnmer extension analysis (Figure 3 3) A 30-
mer pnmer was chosen 30 nt downstream of the translation start point and the pnmer extension 
product contained 69 nucleotides The first transenbed nucleotide is an adenine (A) at a distance 
of 39 nucleotides from the start codon, marked in Figure 3 2 by an arrowhead and denoted as 
position +1 This is in accordance with the fact that in plant genes adenine is the most common 
nucleotide (in 85 transenpt of 632 nt length which is comparable to the 640 nt of the genomic 
sequence 
% of the genes) to start transcnption (Joshi, 1987a) The eukaryote leader terminus sequence 
flanking the transcnption start position (cap sequence) was in agreement with the known 
consensus sequence (Goodenough, 1984, Joshi, 1987a) 
The distances between TATA box, transcnption start and translation start fit in the range 
determined for a large number of plant genes (Joshi, 1987a) The putative TATA box was 
deduced from its consensus sequence and the distance at -35 (Figure 3 2) matches the common 
distance of approximately 30 nucleotides 
The coding region of the genomic clone is almost identical to the corresponding region 
from the incomplete cDNA sequence Two nucleotides are different No intervening sequences 
were seen The transenbed region from the genomic clone has a length of 640 bp from the tran-
scription start to the 3' end point of the cDNA This is in accordance to the estimated transenpt 
length of 650 nt determined from the northern blot (chapter 2) Excluding the poly (A) tail of 18 
nt results in a transenpt of 632 nt which is comparable to the 640 nt of the genomic sequence 
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Figure 3.3 Identification of the transcription 
start of the Λ7Μ/9 gene. 
Primer extension analysis (PE) and plasmid 
sequencing (ACGT) were performed using 
the same /V7M79-specific synthetic oligo­
nucleotide with sequence 5'-T-
GCAAAACATAAATTGAGAAGTAGGA 
AAAT-3' (complementary to the nucleotides 
between positions (+)66 and (+) 103 and 32P 
labelled). The nucleotide sequence at the 
5'end is reported. The arrow indicates the 
position of the primer extension product. 
Database searches did not reveal any homology to available nucleotide sequences 
(Genbank and EMBL) A more detailed comparison to a wide variety of sequence boxes known 
to regulate gene expression, for example organelle targetting, directing tissue-specific expression 
or regulatory elements, did also not result in any homology in NTM19 with known sequences 
Characteristics of the N1M19 protein 
Several properties of the NTM19 protein were deduced from a computer analysis In 
Figure 3.1 the amino acid sequence corresponding to the N1M19 gene is given. The protein has a 
molecular mass of 10.8 kDa and a pi of 6.92. There is a putative signal sequence at the N-
terminus functioning in the targeting of membrane proteins or transport of secreted proteins. The 
cleavage point is between amino acids alanine and isoleucine at positions 21/22 (Von Heijne, 
1986). A possible phosphorylation site at a serine residue is double underlined (Pinna, 1990). 
The hydropathy plot (Kyte and Doolittle, 1982) in Figure 3.4 shows a rather hydrophylic 
amino acid character at the N-terminus when the hydrophobic signal sequence portion is 
excluded. 
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Figure. 3.4 Hydropathy plot of the NTM19 protein averaged over a window of 9 residues 
The putative cleavage site of the signal sequence part is indicated with a vertical line 
The two differences in nucleotide sequence between the cDNA and genomic clone result 
in a difference of one amino acid One Τ in the cDNA clone is replaced by а С in the genomic 
clone, resulting in a change from valine (bracketed at amino acid 74) in the cDNA to alanine in 
the genomic sequence This difference can be explained by the fact that the cDNA library was 
synthesised from the tobacco cultivar Petit Havana whereas the genomic library was derived from 
cv. Samsun Therefore some sequence differences can exist 
The NTM19 protein contains a perfect direct repeat of 9 amino acids at the positions 63-
71 and 79-87, and a second one of 5 amino acids at the positions 48-52 and 55-59 Finally there is 
a third repeat of 4 amino acids that partly overlaps with the second 
Database searches did not reveal any homology to available polypeptide sequences 
(SwissProt, PÍR) The NTM19 protein herefore possesses a unique novel sequence 
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Figure 3.5 Southern blot analysis of 
genomic DNA from tobacco and the 
putative ancestor species. Southern 
analysts of 10 μg genomic DNA 
from N. sylvestris, N. tabacum, N. 
lomentosiformis and N. otophora 
digested with Nsil or EcoRl and 
probed with a 32P-labelled NTM19 
probe containing a 5'-noncoding and 
coding region. Sizes of DNA marker 
fragments are given in kb. 
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Presence of the NTMJ9 gene in other plant species 
To determine the inheritance of the NTM19 gene from the putative ancestors, Southern 
analysis was performed on the following Nicotiana species: N. tabacum, N. sylvestris, N. 
tomentosiformis and N. otophora. A restriction map of the NTM19 gene sequence, the position of 
the translated region and the sequence used as a probe are shown in Figure 3.1. Total DNA was 
digested with £coRI and Nsil, and probed with part of the genomic clone ranging from position -
149 to +239 bp ( EcoRl and PvwII sites). From restriction analysis of the original entire genomic 
clone of 11 kb, probed with the cDNA sequence, it was known that the NTM19 sequence was 
contained within one EcoKl fragment of 4.3 kb By sequence analysis several Nsil sites were 
located in the NTM19 sequence. Two Nsil sites closely covered the probe sequence at positions -
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160 and +257, just outside the EcoRl and Pvuïl borders of the probe sequence The Nsil digested 
genomic DNA would therefore result in a 0 42 kb hybridising fragment representing NTMI9 
In the left ΝνΊ panel of Figure 3 5, the expected band of 0 42 kb from NTMI9 in the 
tobacco lane was present and there were at least 5 hybridising bands In the tobacco DNA digested 
with EcoRl (Figure 3 5, right), 5 other hybridising bands were visible in addition to the signal in 
the 4 3 kb NTM19 fragment This indicates that NTM19 belongs to a small gene family 
In both panels, the NTM19 band m tobacco was also found in the N tomentosiformis 
DNA but not in the other Nicotiana species Hence, the ΝΊΜ19 gene originates from N tomen­
tosiformis 
To address the question of whether ΝΊΜ19 homologues are present in other plant species, 
a variety of species were chosen from close (the same plant family) to distantly (monocot) related 
species Genomic DNA was extracted, digested and blotted (Figure 3 6) The same restriction 
enzymes were used as above Petunia hybrida DNA strongly hybridised with the NTM19 probe 
DNA from В olerácea and Verbascum thapsus did not show any signal For the monocot Trad-
escantia virgimana a single band was found in the Nsil panel The absence of a signal in the 
EcóRI digested genomic DNA of Tradescantia virgimana can be explained by the presence of 
multiple restriction sites for this enzyme In this case very small DNA fragments could be formed 
which are not detected in a Southern analysis The hybridising band m the Southern analysis of 
the Nsil digest was very clear also in a duplicate experiment Therefore Tradescantia virgimana is 
interpreted to contain &NTM19 homologous gene 
Transient expression analysis 
Transient expression assay experiments were carrned out to confirm the temporary 
expression pattern as shown in northern analysis As a positive control, a chimaenc luciferase 
construct (Ow et al, 1986) coupled to the anther-specifically expressed APG promoter (Roberts et 
al, 1993 a) was used, during the late microspore stage, activity of this promoter started at a low 
level and was enhanced in later stages of pollen development (Twell et al, 1993) 
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Fig. 3.6. Southern blot analysis of 
genomic DNA from tobacco and 
different plant species 
Southern analysis of 10 μg genomic 
DNA from N. tctbacum, Petunia 
hybrida. B. olerácea, Verbascum 
thapsus and Tradescantia virginiana 
was digested with Nsi\ and EcoRl and 
probed with a 32P labelled NTM19 probe 
containing a 5'-noncoding and coding 
region. Sizes of DNA marker fragments 
are given in kb. 
Several particle bombardment experiments were carried out with a construct, containing a 
tranlational fusion of the ΝΊΜ19 promoter region, -893 bp to +40 bp, to the luciferase gene. 
Early microspores were bombarded. No transient enzyme activity was detected. In a control 
experiment, only half of the early microspores survived cultering for one day. Vitality was 
inferred from cleavage of fluorescein diacetate and retention of the formed fluorescein within the 
intact cell membranes (Kyo et al., 1986). By DAPI staining migration of the cell nucleus was 
followed in in vitro cultured microspores. From early to late microspore development, the nucleus 
changes from a central to a polar position. In the in vitro cultured early microspores, the 
percentage microspores with the nucleus remaining in a central position increased during cultur-
ing. Normal development would lead to the opposite situation. 
Also in another experiment with late microspores bombarded with the ΝΊΜ19 construct, 
no activity of the NTM19 promoter was observed, whereas in the control with the APG promoter 
a low activity was measured. The vitality of the late microspores was 60 % before and after 
Nsi I Eco RI 
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bombardment which means that the culturing conditions per se would allow promoter activity and 
detection in late microspores. 
DISCUSSION 
From a cDNA library of tobacco a clone was isolated (Chapter 2) which revealed the 
existence of a gene only expressed in the microspores. No expression was seen in later pollen 
developmental stages as early , mid- and late bicellular pollen, nor in a variety of analysed 
vegetative tissues as flower buds, pistil, leaf, seedlings, root tips and stem. This cDNA clone, 
ΝΊΜ19, was used to isolate the gene. An untranslated sequence of the cDNA that served as a 
probe has been successful used to detect the corresponding gene. 
The length of the transcribed region of 640 nt of the gene corresponded to the estimated 
transcript length of 650 nucleotides determined from the northern analysis presented in Chapter 2. 
This, and comparison of the sequences of the genomic and the incomplete cDNA clones, lead to 
the conclusion that introns are absent in the N1M19 gene. 
Southern analysis indicated that tobacco inherited the NTM19 gene from Nicotiana 
tomenlosiformis. The other members of the gene family also show that N. olophora is completely 
aberrant from the other Nicotiana species. The pollen-specific gene NTP303 (Weterings el ai, 
1995) in tobacco also originates from N. tomenlosiformis. N. sylvestris is generally accepted as 
one ancestor of tobacco. As far as can be judged from the two genes NTM19 and NTP303, N. 
tomentosi/ormi s is the second ancestor of M tabacum and N. otophora is more distinct from 
tobacco. 
The gene family of NTMI9 consists of at least 6 members. The gene is found in several 
members of the Solanaceae. Its presence in the monocot Traaescœitia virginiana is questionable 
because the DNA of this species only hybridises after digestion with one of the restriction 
enzymes. The amount of genomic DNA analysed for the different species was the same but the 
size of the genome varies. The genomes of P. hybrida and B. oleraceae are 3.5 and 7.5 times 
smaller than the genome of tobacco respectively (Arumuganathan et ai, 1991). For the other 
species the size of the genome is not known. The difference in strength of the hybridisation signal 
between P. hybrida and N. tabacum is partially caused by the difference in size of the genome and 
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partially by the diploidy oí Petunia hybrida versus the tetraploidy in N labaaim However, this 
can not fully explain the large difference in signal strength, maybe in Petunia hybrida the 
homologues of NTM19 are present in more copies Generally, Southern analysis would be 
improved by using equal genome units for the analysed species, if the size of the genome is 
known In this way large differences in the strength of the hybridisation signal may be 
circumvented 
Some genes expressed during pollen development have been found in a wide variety of 
plant species The NTP303 gene (Wetenngs et al 1992) is present in species as Solanum, Digitalis 
purperea and Lilium longiflorum Sequence homology has also been found in tomato and В 
napus (Wetenngs et al 1992) In contrast, other genes seem to have a limited distribution such as 
NTM19 and BcpJ (Theerakulpisut et al, 1991, Oldenhof et al, 1996) The Вер J gene was only 
found in species of the Brassicaceae 
The presence of a gene family has not complicated the isolation of the gene corresponding 
to the NTM19 cDNA In fact, the identification has been facilitated by the choice of an 
untranslated region of the cDNA as a probe 
One can only speculate on the function of the NTM19 protein because searches for 
homology in DNA and polypeptide databases have not resulted in any related known sequence 
As the predicted signal peptide is spliced off during targeting, the remaining amino acid sequence 
would be indicative of a peripheral membrane protein This type of proteins are bound to to one 
or the other face of the membrane by noncovalent interactions with other membrane proteins 
(Alberts et al, 1994) 
The protein is not expected to play a role in symmetrical mitosis because the gene is not 
expressed in actively dividing cells of root tips, as was tested by northern analysis in Chapter 2 
During the microspore stage, the cell prepares for an asymmetrical mitosis and the intine and 
exine layers are formed (Stanley and Linskens, 1974) NTM19 may function in the formation of 
the cell wall or m the positioning of the nucleus preceding asymmetrical mitosis 
The transient expression experiments to analyse the promoter activity of the N1M19 gene 
were hampered by the fragility of the early microspores Late microspores have been successfully 
cultured m vitro (Benito Moreno et al, 1988) and subjected to particle gun bombardment (Twell et 
al, 1993) We were able to repeat this experiment and obtained promoter activity of the anther-
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specific APG gene used as a control However, the ΝΊΜ19 promoter showed no activity in late 
microspores which suggest that the promoter is then already inactive 
Our attempts to extend the transient expression experiments towards early microspores did 
not succeed Even if the culture conditions would be more favourable for microspore survival, 
particle bombardment may be too harsh Therefore, stable transformation of plants as reported in 
Chapter 5 would be more appropriate to study promoter function 
The unique microspore-specific expression pattern of the gene NIM19 is a new phenom­
enon and the gene represents nowadays unknown sequence characteristics A more detailed 
analysis has to be earned out to obtain more insight in the location and presence of the ΝΓΜ19 
mRNA during pollen development is described in Chapters 4 and 5 
EXPERIMENTAL PROCEDURES 
Plant material 
Plants of Nicotiana tabacum L cv 'Petit Havana' SRI (Maliga et al, 1973), Nwotiana 
tomentosiformis, Nicotiana sylvestris, Nicotiana otophora, Petunia hybnda Brassica olerácea and 
Tradescantia virgimana were grown in the greenhouse of the Botanical Garden, University of Nijmegen 
Verbascum thapsus was grown in the field Flower buds of appropnate length were collected to obtain 
microspores at different developmental stages, and the anther content was isolated as described (Schrauwen 
et al, 1990) Eariy and late microspores were isolated т э т flower buds with 10-12 mm length and 13-15 
mm length Respectively For particle gun expenments, microspores were squeezed from the anther by a 
mortar and washed before use 
Nucleic acid isolation 
RNA was isolated with guamdine thiocyanate as RNase inhibitor by the procedure of Cathala et al 
(1983) with minor modifications All plant tissues including the microspores were frozen in liquid nitrogen 
and ground in a prechilled mortar The ground material was brought in 2 ml К sis buffer and after 
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centnfiigaüon at 3000 g for 10 min at 15°C the supernatant was collected The duration of all centnfugation 
steps was shortened to 20 mm Messenger RNA was isolated as described by Sambrook et al 1989) 
Plasmid DNA was isolated according to standard procedures (Sambrook et al, 1989), genomic 
DNA as desenbed by Doyle and Doyle (1990) Phage DNA was isolated by use of LambdaSorb Phage 
Adsorbent of Promega according to the manufacturer's protocol 
Genomic library screening 
The genomic library of Nicotiana tabacum cv Samsun in bacteriophage 1 Charon 32 (Loenen and 
Blattner, 1983) was a generous gift of Dr RB Goldberg (Koltunow et al, 1990), Ecoh K802 cells were 
used as hosts 
A cDNA of 240 bp comprising 75 % of the З'-untranslated region was used to synthesise a 
random-pruned probe labelled with [a-32P]dATP according to Feinburg and Vogelstem (1984) The 
screening and hybridisation were earned out using standard techniques (Sambrook et al, 1989) 
Hybridisation and washings were done at 65°C, with stringent washing up to 0 1 χ SSC, 0 1% SDS A 
positive clone of 11 kbp was digested with Kpnl and Xhol A digested fragment of 3 kbp containing the 
sequence of interest was subcloned urto the plasmid pGEM 7Zf+ (Promega) using standard methods (Sam­
brook et al, 1989) 
Sequence analysis 
DNA sequencing was performed by the dideoxy chain termination method (Sanger et al, 1977) 
with the use of T7 polymerase (Pharmacia) The genomic clone was subcloned in pGEM 7Zf+ (Promega) 
Most sequencing was performed with single-stranded template DNA, the rest was performed with double-
stranded DNA (Yie et al, 1993) The sequence data were analysed with the PC/Gene programme from 
Intelhgenetjcs Ine Geneva (Switzerland) 
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Determination of the transcription initiation point 
To determine the start of transcription, the pnmer extension technique was used as desenbed in 
Tnezenberg (1992) As reverse transcriptase 'Superscript' (Gibco-BRL) was used The formation of 
secundary structures in the NTMJ9 mRNA have to be circumvented because these structures may cause a 
preliminary stop of the reverse transcriptase activity, before the 5' end of the mRNA Sccundary structures 
m the mRNA were localised based on hybridisation kinetics Optimal pnmer characteristics were 
determined as a high melting temperature of the hybridised pnmer, no self-hybndisation of the pnmer and 
a high specificity to hybndise to the chosen sequence region The maximal distance to the presumed start of 
transcnption is approximately 100 nucleotides to dimmish the nsk of a prehmarv stop of reverse 
transcriptase The analysis was earned out with the help of the PC Gene programme (Intelligenetjcs Ine, 
Geneva, Switzerland) and a pnmer programme (Biosciences Ine Plymouth, USA) The longest possible 
secondary structure was prevented to form by blocking this region by hybridisation of a 30-mer pnmer 
This 30-mer pnmer was chosen 30 nt downstream the translation start point 
Southern analysis 
Southern analysis of 10 μg genomic DNA was done after restnction digestion and electrophoresis 
on a 0 8% agarose gel according to Sambrook et al (1989) except for the depunnation, which was brought 
about by using UV-irradiation Southern blots were hybndised overnight at 60°C, and washed to a stnn-
gency of 0 4 χ SSC at 60°C The probe used in Southern analysis was a fragment of 250 bp covering the 5'-
noncoding and 5'-codmg regions for one half each Filters were exposed to Kodak X-OMAT AR film with 
intensifying screens at -80°C 
Transient expresston analysis 
The chimaenc construct of NTM19 named рМОЗ was made by use of aAfcol position present at 
the ATG start codon A ВатШ-Ncol insert of 1 kb at the untranslated 5' end representing the NTM19 
promoter was translationally fused to /wc-|3'-35SCaMV] in pBluescnpt KS+ As a control an APG-
luciferase construct was used provided by S Patel (Twell et al ,1993) 
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A vitality staining was earned out with fluorescin diacetate (FDA) in a final concentration of 2,5 
μ{ξ/ηι1 in the culture medium Particle gun experiments were earned out with use of a helium particle gun 
from Biorad Rupture discs of 1800 psi were used and microspores placed at filter paper wetted with 
medium A as desenbed (Twell et al ,1993) 
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Cellular localisation of the microspore-
specific mRNA by in situ hybridisation 
and confocal laser scanning microscopy 
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Margryt Oldenhof 

In situ hybridisation and CLSM 
Cellular localisation of the microspore-specific m RNA by in situ hybridisation and confocal 
laser scanning microscopy 
INTRODUCTION 
Essential information about the specific function of genes is obtained from the localisation 
of the gene products This also holds for the microspore-specific gene ΝΊΜ19 described in 
Chapters 2 and 3 Several techniques are available for in situ localisation of mRNA In situ 
hybridisation with an antisense probe of the transcript is a sensitive technique in which the level of 
the transcript is not altered The technique also allows for a precise definition of the develop­
mental period in which the gene is expressed because the hybridisation signal can be directly 
related to a distinct morphological stage 
The small size of pollen mother cells and microspores (7-16 mm) requires high resolution 
in the detection of the hybridisation signals. This high resolution was provided by the use of 3H, 
which has a short range of radiation, and confocal laser scanning microscopy (CLSM). CLSM has 
the advantage of a superior resolution in the depth of an observed section due to the detection of 
detail in an in-focus field only. CLSM thus offers the opportunity for optical sectioning of the 
tissue and the compilation of independent hybridisation signals in a series of ultrathin (1 mm) 
optical sections (Shotton, 1989) Any region above or below the focal plane is defocussed at the 
aperture plane and thus contributes essentially nothing to the confocal image By measuring 
separately transmitted and reflected light, a reflection image and transmission image of a section, 
at exactly the same position, can be monitored A merge of both images combines the two sets of 
visual information. The transmitted image reveals the morphological characteristics of the tissues 
made visible by fluorescence of the stain ethidium bromide. The reflected image shows the 
location of silver grains that represent the hybridisation signal 
The application of optical sectioning allows to distinguish clearly between the outer 
surface of the section and the inside Hybridisation caused by adsorption of the probe to the outer 
surface will be recognised as an artifact The identical microscopic field of the section screened 
for reflection and fluorescence allows precise determination of the stage of pollen development in 
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combination with hybridisation The combination of in situ hybridisation with CLSM thus offers 
the opportunity to localise specific mRNAs in single cells at an accurately determined stage of 
development 
Another technique for studying the localisation and time interval of expression is the use 
of stable transformants obtained after Agrobactenum-medmted transformation Its success 
depends on the transformation characteristics of the plant species used Tobacco can easily be 
transformed by Agrobacterium and regenerated Gene expression in transgenic tissues is 
influenced by the number of copies integrated in the genome (Carpenter et al, 1992) and by 
position effects depending on the site of integration of the introduced DNA in coding or 
noncoding regions of the chromosomes (Goodenough, 1984) The chimaenc constructs consist of 
the promoter under investigation and a reporter gene whose activity can be measured in an 
enzyme assay as for luciferase by luminescence detection, or colonmetncally as for beta-glucu-
ronidase (GUS) Luciferase is less stable than GUS, however it has a lower detection limit 
measuring gene transcription in comparison to GUS Intact tissues can be analysed for luciferase 
activity by a 2D-photon counting camera The GUS protein is very stable and this hinders the 
accurate measurement of the termination of temporal activity of the coupled promoter (Martin et 
al, 1992) Nevertheless, the easy detection of GUS-activity allows the rapid analysis of different 
plant tissues 
To obtain a precise temporal and spatial gene expression pattern of NTM19 we have 
chosen m situ hybridisation It was already shown (Chapter 2) that only RNA isolated from 
microspores hybridised with the NTM19 probe No transcripts were present m anthers without 
microspores nor in pollen in later stages of development However, the period of expression of the 
NTM19 gene has not been defined yet unambiguously In the northern analysis of isolated 
microspores, the developmental stage was identified using flower bud size as a marker Therefore 
some variation in developmental stage of the microspores isolated may exist Moreover, the 
period before the early microspore stage has not been investigated Therefore the earlier stages of 
development were also included in the localisation study The approach also verified the absence 
OÎNTM19 activity from other anther tissues 
The alternative approach to determine the location and period of gene transcription, by 
transfer of promoter-reporter gene constructs to plants, has also been earned out In this way the 
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information presented in this chapter was confirmed and extended. These results are described in 
Chapter 5. 
RESULTS 
The precise temporal and spatial expression patterns of NTM19 were revealed by in siiti 
hybridisation. Figure 4.1 shows the location of NTM19 mRNA in longitudinal sections of tobacco 
anthers at various developmental stages. For visualisation of the nuclei, the samples were stained 
with ethidium bromide, resulting in a red fluorescence image. A reflection image visualised as 
green spots shows the silver grains that formed where the probe hybridised to the specific mRNA. 
The fluorescence and reflection images obtained through CLSM were merged to localise the 
hybridisation signal in the anther tissue. 
The antisense NTMI9 RNA probe hybridised in the microspore and not in the tapetum 
(Fig. 4.1c and Fig. 4.Ih). A hybridisation signal was absent from pollen mother cells undergoing 
meiosis (Fig. 4.1a), in tetrads containing microspores (Fig. 4.1b), and in bicellular pollen (Fig. 
4.1d-f). The NTM19 sense RNA probe, used as a negative control in all experiments to reveal 
non-specific hybridisation, gave no hybridisation signal (Fig. 4.1 g negative control of 
microspores). The position of the nucleus was clearly visible as a intensely red-stained region in 
the ¡mages from the confocal laser microscope and allowed for precise identification of the 
various developmental stages. The same microscopic field was subsequent examined for the 
presence of a hybridisation signal. 
Anthers which showed hybridisation to the NTM19 probe were monitored by optical 
sectioning throughout the entire section. Herewith, it was observed that the silver grains were 
evenly distributed within the optical sections and no adsorption was seen to the outside of the 
section (results not shown). 
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DISCUSSION 
In situ hybridisation showed that NTM19 transcripts are exclusively located in free 
microspores. No signal was found in earlier and later stages of pollen development, nor in other 
anther tissues. A distinct microspore-specific location of an mRNA has never been reported 
before. 
The application of in situ hybridisation together with CLSM resulted in a precise detection 
of the hybridisation signal combined with a clear resolution of the tissue structures at the same 
microscopic field. This technique allows the accurate discrimination between sporophytic and 
gametophytic localisation of expression and exact determination of the developmental stage of the 
gametophyte. By application of the optical sectioning technique it was beyond doubt that the 
hybridisation signal was present inside the tissue sections and did not stick to the outer surface. 
Conventional semi-thin sectioning and non-confocal microscopy result in sections of 10 μπι for 
microscopic observation. The application of optical sectioning of the CLSM allows to examine 
sections of 1 mm in focus. Especially for the developing pollen material (7-16 mm) to be analy­
sed, the CLSM was a valuable tool because adsoption of the probe at the surface of the section 
could be recognised and the precise stage of the developmental pollen clearly determined. 
The microscopic images were obtained by accurate handling of the samples in the critical 
steps. Much attention was payed to a fast penetration of the fixative to preserve the RNA pool in 
the anther tissues. The even distribution of the hybridisation signals in the microspore images 
(Fig. 4.1c and FigAlh) indicates that the probe and, subsequently, the photographic emulsion had 
completely penetrated into the microspores. The length of the probe (200 nt) was chosen at a size 
Fig. 4.1. Localisation of NTM19 mRNA during anther development by in situ hybridisation. Expression of 
NTM19 was analysed in longitudinal anther sections with an antisense NTMI9 probe: 
a-h: combinations of fluorescence (red) and reflection hybridisation (green) CLSM images of anther 
sections during various stages of pollen development. The fluorescence image is obtained by ethidium 
bromide staining, the green spots represent regions of RNA/RNA hybridisation. 
Abbreviations: n= nucleus, vn= vegetative nucleus, gn= generative nucleus, m= microspore, t= tapetum. (a) 
pollen mother cells undergoing meiosis. (b) tetrads, (c) and (h) microspores, (d) early bicellular pollen, (c) 
mid-bicellular pollen, (f) late bicellular pollen, (g) control section with microspore probed with the sense 
NTM19 RNA. Bar= 10 urn. In the bicellular pollen grains, 2 nuclei are visible by a more intensive red 
staining, mature pollen shows a characteristic discus-shaped generative nucleus. 
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which did not hinder its mobility to reach the inner part of a microspore section 
The position and shape of the nucleus were clearly visible in the images and allow the 
determination of a precise stage of development The hybridising microspores are in an early 
stage of microspore development The expression of the NTM19 gene in early microspores as 
determined from in situ hybridisation confirms information from northern analysis and particle 
gun bombardment (chapter 3) 
The identification of a microspore-specific gene expression pattern of the N1M19 gene 
jusitifies the approach to raise a cDNA library from a distinct tissue at a distinct stage (Chapter 2) 
In situ analysis excluded sporophytic expression in the microspore stage The relevance of m situ 
analysis for spatial localisation is illustrated by the initially claimed microspore-specific cDNA, 
clone 13 isolated from an anther library from В napus (Roberts et al, 1991) By northern analysis 
of flower buds, a hybridisation signal was detected m RNA from buds at the microspore stage up 
to the bicellullar pollen stage At the late bicellular pollen stage the tapetum degenerates in 
tobacco Two observations would point to microspore specificity of the cDNA First, northern 
analysis of RNA from cytoplasmatic male-stenle flower buds resulted in a different hybridisation 
pattern for clone/3 Second, from pollen protoplasts the 13 protein was isolated by use of 
antibodies raised against an oligomer based on the 13 amino acid sequence (Roberts et al, 1993b) 
These data suggest a gametophytic location of the/3 gene expression 
However, recent in situ hybridisation research undoubtly identified the 13 gene to be only 
expressed sporophytically (Ross et al, 1996) Both primary observations of/3 (by now renamed 
as OlnB, Ì) were wrongly interpreted to identify microspore-specific expression The absence of 
hybridisation of 13 in the cytoplasmatic male-stenle flower buds does not form unequivocal 
evidence for a location of the expression in the microspore The affected fertility щ the 
cytoplasmatic male-stenle flower buds may also have onginated from a tapetal disfunctioning 
(Hallden et al, 1991, Levings, 1993) Moreover, due to contamination of the protoplasts by cell 
wall matenal that is deposited by the tapetum, the isolated 13 protein was incorrectly thought to be 
translated inside the gametophyte 
In conclusion, the in situ hybridisation technique gives a clear answer to the questions of 
spatial and temporal gene expression and is therefore indispensable in the charactensation of 
genes which expression is limited to single cell types The application of CLSM considerably 
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enhanced the resolution of the microscope and led to the detection of NTM19 transcripts 
exclusively in early microspores 
EXPERIMENTAL PROCEDURES 
Plant material 
Plants of Nicotiana tabacum L cv 'Peut Havana' SRI ( Maliga et al 1973) were grown in soil in 
the greenhouse (Botanical Garden, University of Nijmegen, plant species 904750317) Anthcis were 
collected for in situ hybridisation from tobacco flower buds of various lengths (6, 8, 12, 20, 30 and 48 mm) 
covering a range of pollen developmental stages from pollen mother cells to mature pollen The stages of 
pollen development were identified under the light microscope after DAPl-staining (Vergne et al, 1987) 
In situ hybridisation 
Entire anthers were used for m situ analysis The procedure of Reijnen et al (1991) was used with 
the following modifications Pnor to fixation, the top of the anthers was cut to allow rapid access of 
fixation fluid The anthers were fixed for 12 hours after degassing during 15 min Washing after 
hybridisation was started with 2 χ SSC for 15 mm at room temperature and cover slips removed 
Subsequently, a RNase A treatment (20 ug ml ' m 0 5 M NaCl, 10 mM Tns-HCl (pH 7 5), 1 mM Na2ED-
TA) was earned out during 45 mm at 37°C The slides were washed twice in 2 χ SSC, 1 mM DTT 
(dithiotreitol) for 30 mm at 37°C and finally m 0 2 χ SSC, ImM DTT for 1 hour at 45°C 
The NTMÌ9 RNA probes were synthesised by m vitro transcription in sense and antisense 
orientation of a cDNA subclone m pBluescnpt, that contained a 200 nt part of the coding region The sense 
probe was used as a neganvc control The protocol of Promega was followed [5,6-Ή] UTP, 1 2 χ IO4 Bq, 
was used on each slide for hybndisation After processing, anthers were stained in 0,1 pg ml ' ethidium 
bromide for 5 mm and washed m distilled water for 20 sec 
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A confocal laser scanning microscope (BioRad MRC-500) was used to analyse the sections Com-
bined pictures were made from a fluorescent image, obtained by ethidium bromide staining, and a 
reflection image that visualised silver grains formed after hybridisation 
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Microspore-specific promoters 
Analysis of microspore-specific promoters in transgenic tobacco 
Introduction 
Tissue-specific promoters are essential tools for the analysis and modification of plant 
development Because of the importance of sexual plant reproduction for plant breeding, 
some of the best studied tissue-specific promoters are those directing pollen-specific gene 
expression Pollen development starts after meiosis, when the microspores are released from 
the tetrads mto the locular fluid of the anther Microspores then expand and divide 
asymmetrically to form bicellular pollen, comprising a large vegetative cell and a small 
generative cell The pollen tube growths into the style and the generative cell divides once 
more to yield the two sperm cells that allow double fertilisation In most species, including 
tobacco, this second pollen mitosis takes place after the pollen has germinated and moved 
into the style 
Gene expression during pollen development can be divided into an early and a late 
phase (Mascarenhas, 1990) The 'early' genes become active shortly after the completion of 
meiosis and their transcripts decline m abundance before pollen maturity 'Early' genes are 
either expressed m both the sporophytic tapetum and the gametophytic microspores and/or 
young pollen (Shen and Hsu, 1992, Roberts et al, 1993), or only m the microspores and/or 
young pollen (Albani et al, 1990, Albani et al, 1991, Oldenhof et al, 1996) The'late'genes 
are activated around the time of microspore mitosis and their transcripts accumulate as pollen 
matures Numerous genes have been described that belong to the late phase Some of them 
are first expressed in the tapetum or the endothecium, and later accumulate in the pollen 
when this starts to mature (Theerakulpisut et al, 1991, Carpenter et al, 1992, Xu et al, 
1993, Xu et al, 1995, Dzelzkalns et al, 1993, Huang et al, 1996, Matsunaga et al, 1996), 
while others are really pollen-specific (Hanson et al, 1989, Twell et al, 1989, Wing et al, 
1989, Brown and Crouch, 1990, Van Tunen et al, 1990, Albani et al, 1992, Alien and 
Lonsdale, 1993, Robert et al, 1993, Mu et al, 1994, Tebbutt et al, 1994, Turcich et al, 
1994, Zou et al, 1994, Bhattacharyya et al, 1995, Brander and Kuhlemeier, 1995, 
Wetenngs et al, 1992, Chnstensen et al, 1996, Qiu and Enkson, 1996) Many studies have 
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been directed to the regulation of gene expression during pollen development, especially to 
discover the molecular basis of pollen specificity in the promoter regions (McCormick 1993, 
Hamilton et al, 1992, Tebbutt and Lonsdale, 1995, Twell etal, 1991, Wetenngs et al, 1995, 
Eyal et al, 1995) As compared to the late pollen-specific promoters, almost nothing is 
known about the promoters that are expressed specifically in the microspore and early stages 
of pollen development 
In addition to our interest in the role of microspore-specific genes in pollen 
development, we are also interested in the mechanisms by which microspores can change 
their developmental fate in culture towards a program of embryogenesis (Cordewener et al, 
1995, Custers et al, 1994, Custers et al, 1996) Embryos derived from microspores can be 
used to regenerate (doubled) haploid plants, which are important in plant breeding (Evans et 
al, 1990, Morrison etal, 1991, Pickering and Devaux, 1992, Feme et al, 1994) In order to 
study factors affecting the switch from pollen development to embryogénie development in 
transgenic plants context, we initiated an experimental setup to use the promoters of 
microspore-specific genes to direct expression of genes of interest to the microspores in 
culture To date three genes have been characterised as microspore-specific, although the 
specificity of two of them extends to other tissues too 3) the tobacco NTM19 gene, which is 
expressed exclusively in the microspores (Oldenhof et al, 1996), 2) the less well 
characterised Brassica napus Bp4 gene, whose expression is reported to start during the early 
microspore stage, but is also expressed during later pollen development (Albani et al, 1990, 
Fabtjanski et al, 1990, Fabijanski et al, 1992) and 3) the APG gene of Arabidopsis, which is 
expressed in both tapetum and microspores (Roberts et al, 1993, Roberts et al, 1995) In 
order to test whether promoter sequences derived from the Bp4 and N1M19 genes can serve 
as tools to direct the expression of transgenes specifically to the microspores, we raised 
transgenic tobacco plants in which these promoters drive the expression of the Escherichia 
coli ß-glucuronidase gene (gus), or the Bacillus amylohquefaciens cytotoxic RNase gene 
(barnase) For comparison, the 'late' pollen-specific PA2 promoter from the Petunia hybrida 
chi gene fused to the gus gene was used (Van Tunen et al, 1990) Here we demonstrate that 
m tobacco the NTM19 promoter directs the expression of these reporter genes specifically to 
the microspores, whereas the Bp4 promoter directs expression specifically to pollen 
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Results 
Histochemical GUS assay m various organs and tissues 
The tobacco transformations with the NTMl9-giis, Bp4-gus, and PA2-gus promoter 
constructs resulted ш 10 or more plants each Four plants, chosen randomly, from each group 
were histochemically analysed for GUS activity in various organs and tissues These plants 
did not show blue staining in vegetative tissues from stem, leaf and root, nor in different 
parts of the flower Pollen isolated just before anthesis, showed GUS activity in the three 
promoter-£ws fusion plants However, anther tissue from which the pollen were removed did 
not stain blue, and no histochemical staining was detected in pollen from untransformed 
tobacco 
One exception to the gametophytic tissue specificity of the GUS staining was 
observed In three NTM19-gus plants blue staining of cells at the very tip of the tnchomes 
was observed, based on the 94% GUS staining in pollen grains in these plants we deduced 
that these plants had T-DNA loci at more than three separate loci 
In all groups of transgenic plants, a varying number of loci with promoter-gif? 
construct seemed to occur Low number of loci, one to four, could well be deduced from the 
segregation ratio between blue and white pollen grams, but high numbers were difficult to 
define accurately Especially in plants with more than one locus of the T-DNA, variation m 
intensity of blue staining was observed between the individual pollen, possibly caused by 
segregation of the individual T-DNA loci To overcome this within-plant variation, anther 
culture was applied, resulting in doubled haploid, completely homozygous plants which 
produce genetically identical pollen Such material was used for more precise determination 
of the differences in temporal expression of the three promoter-^?« fusions 
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Table 5.1. Relative GUS staining in isolated microspores and pollen from transgenic tobacco plants 
with different promoter-gui fusion constructs using histochemical anal>sis 
Microspore/ Bud length (mm) Promoter-gas construct 
pollen 
stage NTM19-gus Bp4-gus PA2-gus 
Τ 6 . . . 
EU 8 + 
MU 10 +++ 
LU 13 +++ 
EB 18 +++ 
MB 27 +++ + -
LB 39 +++ + + 
MP 48 +++ + -н-
T = tetrad, EU = early unicellular microspore (round cell, central nucleus), MU = mid-unicellular 
microspore (oval cell, central nucleus), LU = late unicellular microspore (oval cell, equatonal/polar 
nucleus), EB = early bicellular pollen (polar generative nucleus, equal DAPI fluorescence intensity of 
both nuclei), MB = mid-biccllular pollen (round, central nuclei, different m brightness of DAPI 
fluorescence), LB = late bicellular pollen (elongated generative nucleus and round vegetative 
nucleus), MP = mature pollen (just before anther dehiscence), - = no staining, + = weak staining, ++ 
= moderate staining, +++ = strong staining 
Histochemical GUS assay of microspores and pollen 
Doubled haploid plants with 100% staining of pollen grains, were used for qualitative 
assessment of GUS activity during the successive stages of pollen development Three 
microspore stages were examined, and compared with three later pollen stages Cytological 
markers for identification of the stages are given in the legend of Table 5 1 With a flower 
bud length of 16 mm, the microspores go through the first pollen mitosis, and at a length of 
17 mm approximately 85% of the microspores are developed into bicellular pollen grains 
Results of the histological GUS assay of microspores and pollen, presented m Table 
1, showed widely divergent patterns of activity between the three promoter-gws fusions 
N1MI9-gus was first active in early unicellular microspores, Bp4-gus in mid-bicellular 
pollen, whereas PA2-gtis was first activity was first detectable in late bicellular pollen GUS 
activity in NTM19-giis plants increased sharply during the mid-microspore stage, and 
subsequently the intensity of blue staining remained similar until mature pollen stage (Table 
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5.1). Bp4-gus showed similar blue staining from the stage of initiation up to pollen maturity, 
while with PA2-gus staining intensity increased from late bicellular pollen stage to pollen 
maturity (see Fig. 5.1. for strong staining and corresponding DAPI photographs). Large 
differences were found in intensity of blue staining between the three promoter-gas fusions 
(Table 5.1. and Fig. 5.1). NTM19-gus showed such a high activity, that first blue staining 
was already visible after 15 min in X-gluc solution at room temperature. Overnight staining 
at 37°C resulted in such a strong blue staining that the previous DAPI staining of the nuclei 
was not longer visible. As compared to NTMI9-gus, the PA2-gus fusion brought about 
moderate staining, whereas the Bp4-gus blue staining was very weak. 
Fluorimetrie GUS assay of microspores and pollen 
To examine the differences in activity between the three promoter-gt« constructs in a 
quantitative manner, the GUS enzyme activity was measured in vitro using the fluorimetrie 
MUG assay. Protein extracts were prepared from microspores and pollen isolated at different 
stages of development. For each of the three promoter-guy fusions two or three doubled 
haploid plants were used and assayed for GUS activity. The results of GUS assays from 
single representative plants are presented in Figure 5.3. Patterns of GUS activity of the three 
promoter-gitf fusions showed large differences. Highest levels of activity were found in mid 
to late unicellular microspores (bud length 10-16 mm) isolated from the N1MI9-gus plants. 
With this promoter fusion, GUS activity was undetectable in tetrads and in microspores just 
after release from the tetrads, while first detectable activity was found in advanced early 
unicellular microspores (8 mm buds). After the first pollen mitosis GUS activity rapidly 
declined to a moderate level during mid and late bicellular pollen stages. With the Bp4-gus 
plants, GUS activities measured during microspore development did not exceed the 
background level of control SRI plants (data not shown). First detectable GUS activity was 
measured in pollen at the transition from early to mid bicellular (20 mm buds), and activity 
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Figure 5.1 A-F. Localisation of first maximum GUS activity in tobacco plants transgenic for three 
different promoter-gMj· constructs A,B & C: histochemical staining for GUS activity; D,E & F: DAPI 
counter-staining for developmental stage; A & D: NTM19-gns, mid-/late unicellular microspores; В 
& E: Bp4-gus, mid-bicellular pollen, С & F: PA2-gus, mature pollen 
Figure 5.2A-F. Phenotypes of pollen from NTM19-barnase (A,B & C) and Bp4-barnase (D.E & F) 
transgenic tobacco plants Samples of shed pollen following acid fuchsin-lactophenol (A & D) and 
DAPI (B & E) staining, and after in vitro germination (C & F) Arrows show BARNASE-ablated 
microspores (А,В & С) and mid-bicellular pollen (D,E & F) 
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gradually increased during mid and late bicellular pollen stages Ultimately at pollen maturity 
GUS activity was maximal but still at a low level compared to NTM19-gus plants The Ρ Ai­
gus fusion did not show any GUS activity until pollen were close to maturity In pollen from 
buds of 41-45 mm in length, a strong increase in GUS activity was observed In some plants 
with this promoter-gMV fusion, a low level of GUS activity at low levels was detectable in 
pollen from 37-40 mm buds 
BARNASE response m various organs and tissues 
So far, examination of the promoter-gi« fusions showed that the NTM19 promoter is 
first switched on in the early unicellular microspore stage, whereas the Bp4 and PA2 
promoters are switched on in mid and late bicellular pollen, respectively To more accurately 
assess the tissue specificity of the ΝΊΜ19 and Bp4 promoters, fusions were made to the 
bamase gene The transformations of tobacco leaf discs resulted in 15 and 21 kanamycin-
resistant, putatively transformed plants respectively Plants with either of the promoter-
barnase fusions were normal in appearance, and grew at a similar rate as untransformed SRI 
plants Floral morphology was normal in these plants, but some of them produced small fruit 
capsules with a reduced amount of seed (data not shown), indicative for reduced fertility 
Such plants were more flonferous and showed prolonged flowering as compared to wild-type 
plants, and their anthers were slightly shortened with respect to the style and petals This is 
typical for male sterile plants 
The expression of BARNASE activity was also assessed in roots, root hairs, 
unorganized callus, and trichomes Axillary shoots were taken from the transgenic plants, 
incubated m vitro, and induced to root The roots of both NTMI9-barnase and Bp4-barnase 
plants were similar to roots from wild-type plants, root tips were similar, and no differences 
were detectable in density, shape, and length of root hairs From the same m vitro plants, 
expiants were taken and incubated on callus inducing media, containing various 
concentrations of NAA (1-Naphtaleneacetic acid) and 2,4-D (dichlorophenoxyacetic acid) 
81 
Chapter 5 
Figure 5 3 Temporal pattern of GUS 
activity in microspores and pollen 
from tobacco plants transgenic for 
three different promoter-gMS 
cunstructs, NTM19-gus, Bp4-gus, an 
PA2-gus Microspore and pollen 
developmental stages are correlated to 
the bud (corolla) length 7-9 mm = 
early unicellular microspore, 9-12 mm 
= mid-unicellular microspore, 12-16 
mm = late unicellular microspore, 16-
22 mm = early bicellular pollen, 22-33 
mm = mid-bicellular pollen, 33-45 
mm = late bicellular pollen 
Bud length (mm) 
After transfer to shoot regeneration medium with 1 mg/l BA (Benzyladenine), pieces of 
callus developed into numerous adventitious shoots, showing that the unorganized callus 
state did not induce expression from either of the promoters Especially for the NTMJ9-
barnase transgenic plants, the appearance and morphology of the tnchomes were analysed, 
because it was found that 3 out of 4 NTM19-gus plants had GUS activity in the trichome tip 
cells The tnchomes on the pNTMl9-bamase transgenic plants looked completely normal, 
their number and shape of tip cells did not differ from tnchomes on untransformed SRI 
plants 
Phenotype of pollen produced on promoter-barnase plants 
Anthers of NTMI9-barnase as well as Вр-4-barnase plants appeared to produce 
reduced amounts of viable pollen To examine this in more detail, just shed pollen was 
collected from various plants, and samples were screened for viability by staining in acid 
fuchsin-acetophenol, DAPI staining, and germination in BK medium Results of these three 
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examinations, taken from representative plants, are shown in Figure 5 2 In the pollen sample 
specific for the NTM19-barnase phenotype, apart from dark-red normally stained pollen, 
large amounts of unstained shriveled cells were found, that looked like microspores (Fig 
5 2A) In the DAPI picture of the same pollen sample, these microspore-like cells were seen 
as collapsed ghosts, that regularly were observed to stick together (Fig 5 2B) Upon 
germination in vitro, these ghosts retained their oval shape and did not germinate, whereas 
the normal pollen grains germinated properly (Fig 5 2C) In order to prove that the oval 
ghosts were dead microspores, their origin was traced back by DAPI analysis of pollen m 
younger stages of development Samples of early and mid bicellular pollen showed that these 
pollen were mixed with oval cells that clearly showed single DAPI stained nuclei (figure not 
shown), indicating that the ghosts were arrested microspores and demonstrating that the 
ΝΊΜ19 promoter had been active in the microspore stage prior to microspore mitosis 
As compared to NJMI9-bamase, the Bp4-barnase fusion caused ablation of 
developing pollen at a later stage (Fig 5 2) At anther dehiscence, Bp4-bamase plants 
delivered pollen grains of two size classes The larger pollen was fully round and showed 
dark red acid fuchsin-lactophenol staining, whereas the smaller pollen regularly showed 
indentations of the pollen wall and sometimes had less intensive red staining (Fig S 2D) 
DAPI analysis revealed that the majority of mis smaller class of pollen showed nuclei 
characteristics of pollen in the mid bicellular stage of development (Fig 5 2E), 10-20% was 
more alike early bicellular pollen (data not shown) When a Bp4-bamase pollen sample was 
germinated in vitro, numerous small globular pollen grams, that did not germinate, were 
visible among the larger grains that germinated (Fig 5 2F) Taken together, the above results 
demonstrate that the class of small pollen is non-viable pollen, indicating that the Bp4 
promoter was active in the mid-bicellular pollen stage, or even a little bit earlier at the 
transition from early to mid bicellular 
Although the constructs NTMl9-bamase and Bp4-bamase caused cell ablation at 
different stages of microspore and pollen development, ultimate effects on male fertility were 
similar In either of the groups of transgenic plants, a similar variation was found in the 
percentages of viable pollen between individual transformants Numbers of viable and non­
viable pollen of different plants generally demonstrated typical Mendelian ratios indicative of 
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meiotic segregation of 1, 2, 3 or more promoter-eamase insertions The plants with high 
percentages non-viable pollen (a 94%), showed severely reduced fertility, and when left to 
pollinate the developed fruit capsules contained hardly any seeds 
Hentabihty of the BARNASEphenotype 
If the promoters NTM19 and Bp4 are solely activated in microspores and pollen 
respectively, then they should be silent during female gametogenesis and embryogenesis To 
investigate this, the hentabihty of the two promoter-fowraise contracts was studied First, 
flowers of plants with severely reduced male fertility (indicating multiple loci of the 
transgene) were cross-pollinated with viable wild-type SRI pollen This resulted in fruit 
capsules with normal amounts of well developed seed, indicating that the promoters ΝΊΜ19 
and Bp4 were not active in female gametophytes and embryos Second, as conclusive test, 
seeds from selfings and from pollinations with wild-type pollen were germinated on medium 
supplemented with 100 mg/1 kanamycin The nptil gene under the control of a constitutive 
promoter, conferring KanR, and the barríase gene are linked in the same T-DNA construct, so 
KanR offspring should have inherited also the <pmmo\tT-barnase construct All progenies 
contained kanamycin resistant seedlings (Table 5 2), showing that the NTM19- and Bp4 
barnase did not affect female reproductive tissues, embryos, and young seedlings Half of the 
progenies showed about 50% KanR individuals, consistent with the presence of one T-DNA 
insertion in the transgenic parent plants and passage of this T-DNA via the female gametes 
only The higher percentages of 78 and 98% KanR individuals are indicative for two five or 
six T-DNA insertions in the primary transformants respectively The low percentage of 20% 
in the progeny of the Bp4-barnase plant no 1, could not be attributed to simple Mendehan 
segregation 
As final proof for the inheritance οι Ή1Μ19-barnase and Bp4-barnase, together with 
the nptil gene, KanR offspring were grown to flowering and ratios of viable and non-viable 
pollen were tested Pollen of these plants showed exactly the same BARNASE phenotype as 
found in the primary transformants, confirming inheritance of the two promoter-ftamase 
constructs 
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Table 5.2. Inheritance of the NOS-nptll gene (KmR) in progeny of representative NTMÌ 9-bamase 
and Bp4-bamase transgenic tobacco plants 
Transgenic 
parental plant 
Control SRI 
NTM19 pi 16 
NTM19 pi 21 
NTM19 pi 10 
Bp4 pi 1 
Bp4 pi 8 
Bp4 pi 15 
Progeny by seifing (S) 
or crossing3 
S 
S 
S 
С 
S 
s 
с 
(С) 
Percentage KanR 
progeny (%) 
0 
52 
53 
98 
20 
55 
78 
" Crossing = transgenic plant pollinated with wild-type SRI 
Discussion 
In this report the promoter sequences derived from the Bp4 and ΝΊΜ19 genes were 
fused at the site of the start of transcription to the Escherichia coli ß-glucuronidase gene 
(gus) and the Bacillus amyloliquefaaens cytotoxic RNase gene (barríase), and transformed 
into tobacco in order to study their spatial and temporal expression We found that the 
NTM19 promoter directed relatively high levels of gus expression exclusively to the 
microspores GUS activity was first detectable in the early unicellular microspore stage, 
reached a high level in the late unicellular microspores, and then rapidly decreased after the 
microspore mitosis The NTM19-barnase transgene caused cell death at the early to mid-
unicellular microspore stage These findings show that the temporal expression of NTM19-
gus and NTM19-barnase was correlating exactly with the previous northern blot analysis and 
with in situ hybridisation studies of the native gene in tobacco (Oldenhof et al 1996) The 
Bp4 promoter was found to direct low gus expression exclusively to pollen Cell ablation in 
the Bp4-barnase transformed plants occurred in the mid-bicellular pollen, the same stage at 
which first GUS activity was detected These findings are in contrast to the expression 
pattern in Brassica napus, where expression was reported from the early unicellular 
microspore and even the tetrad stage, until the tncellular pollen stage (Albani et al 1990) A 
reason for this discrepancy might be that the Bp4 promoter is differently activated in the 
heterologous host Ntcotiana tabacum In their original report Albani et al (1990) suggested 
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that the Bp4 gene transferred to tobacco was expressed only in the microspores and not in 
later stages of pollen development However, the data presented in their paper (Albani et al 
1990) to support this conclusion did not include sufficient detail to warrant it 
In addition to the data on GUS activity, which was only found in microspores and 
pollen, convincing evidence for the tissue specificity of the NTM19 and Bp4 promoters was 
provided by the promoter directed barríase expression During growth of the NTM¡9-barnase 
and Bp4-barnase plants, no aberrations were found indicative of expression of the bamase 
transgene in the vegetative tissues of these plants Transgenic plants could also be 
regenerated via a callus phase, which indicates that the ΉΤΜ19 and Bp4 promoters are silent 
in disorganised tissues and are not induced by treatment with the phytohormones auxin and 
cytokinin NTM19-bamase- and Bp4-bamase induced cell ablations were only detectable in 
microspores and pollen respectively, so in male gametophytic tissue Additional support for 
this is provided by the fact that the numbers of viable and non-viable pollen showed 
segregation ratios as expected for gametophytic inheritance 
The microspores and pollen grains that contained the bamase transgene, were lethal 
and did not germinate These pollen did not contribute to functional fertilisation, as was to 
conclude from the inheritance studies The self-fertilisation of the bamase transgenic plants 
and their cross-pollination with viable pollen, yielded gamethophytic segregation ratios of 
transgenic and non-transgenic progeny, demonstrating the full inheritance of the bamase 
transgene via the female gametophytes This means that the NTM19 and Bp4 promoters are 
silent during female gametogenesis, as well as throughout embryo and seedling stages of 
development The unaffected embryo development using cytotoxic bamase reporter gene 
ruled out the possibility of NTM19 or Bp4 promoter expression in the endosperm, as was 
found for the late pollen-specific LAT52 and LAT59 promoters (McCormick, 1993) 
Our study clearly demonstrates that in transgenic tobacco the ΝΊΜ19 and Bp4 
promoters direct gene expression to exclusively microspores and pollen respectively But two 
findings seemed not fully in agreement with this statement the GUS staining in the very tips 
of trichomes, and the more flonferous and prolonged flowering character of both NTMI9-
bamase and Bp4-barnase plants with sevenly reduced fertility Concerning the GUS staining 
m trichomes, Carpenter et al (1992) reported a similar expression of the gas gene in 
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trichomes by the late pollen specific TUAI promoter GUS staining in trichomes was only 
observed in NTM19 transformed plants that contained multiple loci as deduced from the 
pollen viability However, since these plants showed no cell ablation in the trichomes using 
the N1M19-barnase construct, the GUS activity should not be ascribed to NTM19 promoter 
activity but should be considered as an artefact caused by the insertion of multiple copies 
The more flonferous and prolonged flowering character as brought about by multiple copies 
of the barríase transgene should be interpreted as a side effect of the severely reduced 
fertility This phenomenon is regularly observed in male-stenle mutants (Chaudhury, 1993) 
In conclusion, the use of the reporter genes gus and barríase fused to the NTM19 and 
Bp4 promoters enabled us to confirm that ΝΊΜ19 is exclusively expressed in the unicellular 
microspore stages, whereas Bp4 has expression in the pollen upon first microspore mitosis 
This means that NTMJ9 is the first well documented microspore-specific promoter 
Especially its high level of expression makes it an invaluable tool for the further molecular 
dissection of early pollen development and for modification of gametophytic developmental 
pathways 
EXPERIMENTAL PROCEDURES 
Isolation of promoters and construction of binary vectors 
The following DNA manipulations were earned out to bring the expression of the gus and 
barnase reporter genes under the control of the NTM19 or Bp4 promoters in binary vectors 
(1) Construction of pNTM19-g«i The 3 kb genomic clone of NTMI9 in pGEM-7Zf(+) 
(Oldenhof et al, 1996) was digested with Kpnl and Ncol to release a 1 0 kb putative NTM19 
promoter fragment This fragment was used to replace the KpnVNcol LAT52 promoter fragment from 
plasmid pLAT52-7 (Twell et al, 1990) to yield plasmid pM04 pM04 was digested with Kpnl and 
Sacl to release the NTM19-gus fusion, which was used for ligation into KpnVSacl cut pEMBL19(-) 
(Boehnnger Mannheim) The resulting plasmid pEMBL-NTM 19-gus was digested with Hindlll and 
Sacl to release the NTM19-gus fusion This fragment was used to replace the HmdUl/Saci 35S-
CaMV promoter-gMi fragment of the binary plasmid pBI121 (Jefferson et al, 1987) to give the 
binary plasmid pNTM19-gwi 
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(2) Construction of pBp4-gus Two oligo nucleotide primers were designed to fit the 5'-
untranslated region of the Bp4A gene, spanning nucleotides 4-265 (Albani et al 1990), and 
containing overhanging Sail and Hwdlll restriction sites at the 5'-end, and Xbal and BamVñ 
restriction sites at the З'-end The sequences of these pnmcrs are as follows primer 1 = 5'-GTC GAC 
AAG CTT СТА AAA ATA GCA ATA ACT-3', and pnmer 2 = 5'-GGA TCC TCT AGA AAG AGA 
TGA AGT ATT CTA-3' After PCR amplification of the Bp4A promoter fragment from genomic 
DNA isolated from Brassica napus cv Topas', the resulting 282 bp DNA fragment was digested with 
Hindlll and Xbal, and cloned into HmdlUJXbal cut pEMBL19(-) (Boehnngcr Mannheim) The 
resulting plasnud, pEMBL-Bp4, was used as source of the promoter Bp4 The sequence of the 
isolated promoter was determined and compared to the published sequence derived from cv Westar1 
(Albani et al, 1990) Two differences were detected 1) a cytosine residue at position 203 was 
replaced by a guanine, and 2) a guanine at position 122 was replaced by cytosine (Albani et al 1990) 
The Bp4 promoter was excised from pEMBL-Bp4 with Htndlll and Xbal This fragment was used to 
replace the HmdllUXbal 35S-CaMV promoter fragment of the binary plasmid pBI121 (Jefferson et 
al 1987) to give the binary plasmid pBp4-gtts 
(3) Construction of pNTM19-6û777iwe A XbaUEcoKV fragment from plasmid pWP126 
(Lazo et al 1991), containing an engineered barnase-barstar operon from Bacillus amylohquefaciens 
and the CaMV polyadenylation sequence identical to pWP127 (Paul et al 1992) was inserted into 
XbaUSmal cut pUCAP (Van Engelen et al 1995) to give plasmid pR-barnase The Sall/Ncol NTM19 
promoter fragment from pEMBL-NTM19-g«i was hgated into SalUNcol cut pR-barnase to yield 
pUC-NTM19-¿£7/77aíe The entire NTM19 promoter-èar/raye-CaMV polvadenvlation sequence 
cassette was excised from pUC-NTM19-í>(7rwaíe with Asci and Pad, and transferred to Ascl/Pacl cut 
pBINPLUS (Van Engelen et al 1995) to give the binary plasmid pNTM\9-barnase 
(4) Construction of pBp4-bamase The Bp4 promoter from pEMBL-Bp4 (see above) was 
excised with HindllVXbal, and transferred to HmdllUXbal cut pUCAP (Van Engelen et al 1995) 
The AsclIXbál 5p¥-promoter fragment from this plasmid was transfered to AscUXbal cut pR-barnase, 
to give pUC-BpA-barnase The entire Bp4 promoter-еагише-СаМ polyadenylation sequence 
cassette was excised from pl)C-Bp4-¿w/;a.se with Asci and Pad, and transferred to AscllPacl cut 
pBINPLUS (Van Engelen et al 1995) to give the binary plasmid pBp4-barnase 
The four resulting binary plasmids with different promoter-reporter gene fusions, pNTM19-
gus, pBp4-gMi, pNTM19-ôc7rniwe and pBp4-bamase, along with the PA2-gus reference construct 
(Van Tunen et al 1990) were each transferred from E coli to the agropine strain Agrobactenum 
tumefaciens Agio (Lazo et al 1991) for use in transformation of tobacco 
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Plant material and transformation 
The binary constructs were introduced in tobacco {Nicotiana tabacum cv Petit Havana SRI), 
using the A tumefaciens mediated leaf-disc transformation method reported by Horsch et al (Horsch 
et al 1985) Selection during transformation was with 100 mg/1 kanamycm Plants that rooted on the 
kanamycin medium were considered to be transgenic, and were transferred into a glasshouse and 
grown to flowering From primary transgenic plants with pNTM19-g«9, pBp4-gu.s, and pPA2-gwi 
promoter constructs, completely homozygous (doubled haploid) plants were made via anther culture 
(Reinert nad Yeoman, 1982) 
Htstochemtcal GUS assay 
Kanamycin-resistant plants were analysed for the distribution of ß-glucuronidase (GUS) 
activity according to the method described by Jefferson et al (1987), using a modified enzymic 
reaction mixture (X-gluc mixture) containing 1 mM X-gluc (5-bromo-4-chIoro-3-indolyI-ß-D-
glucuronic acid), 10 mM EDTA, 0 02% NaN3, 0 1% Tnton X-100, 0 5 mM potassium femcyamde, 
and 0 5 mM potassium ferrocyanide in 100 mM Na-phosphate, pH 7 5 After vacuum treatment of the 
material for 15 min, the reaction was conducted overnight at 37°C in the dark Different plant tissues, 
taken from a number of independent transgenic plants were analysed, including roots, stems and 
leaves, and all different parts of the flower 
For qualitative measurements of GUS activity during the different microspore and pollen 
stages, material was collected by sectioning anthers in the X-gluc reaction mixture and filtering 
through a 50 μτα nylon mesh sieve To enable exact determination of the microspore or pollen 
developmental stage, after the GUS reaction counter-staining was earned out with the DNA 
fluorochrome DAPI (Coleman et al 1985) at a final concentration of 1 25 μg/ml followed by 
incubation at 4°C for 8-16 h 
Fluorimetrie GUS assay 
Quantitative enzymatic analysis of the GUS activity was performed for the microspores and 
pollen in successive stages of development The spores were collected (106 per batch) as described 
above in MIS medium (Zarsky et al 1992), washed twice, and pelleted in a 1 5 ml microfuge tube 
The pellet was frozen in liquid N2 and stored at -80°C until used for fluonmetnc analysis, which was 
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within two weeks of being stored Protein was extracted on ice by adding extraction medium (50 mM 
Na-phosphate, pH 7 0, 10 mM 2-mercaptocthanol, 1 mM EDTA and 0 1% Tnton X-100) to the 
microfiige tube and homogenization with a well fitting pestle In this way ^ 95% of the microspores 
or pollen were successfully broken After centnfugation, different aliquots (20 and 40 μΐ) of the 
supernatant were assayed for GUS activity with 1 mM 4-methyl umbelhferyl glucuronide (MUG) 
according to the procedure described by Nap et al (1992) GUS activity was calculated on a per spore 
basis 
Itxammation of BARN ASE phenotype 
The phenotypic appearance of various organs and tissues of the kanamycin-resistant plants 
was examined for expression of the pTomoter-barnase gene fusion Apart from the normal organized 
plant tissues, also disorganised callus tissue was examined Leaf discs and stem expiants from 
transgenic plants were incubated on agar-sohdified MS medium supplemented with 2% saccharose, 
0 25 mg/1 BA (6-benzylaminopunne), and 0 5 or 1 mg/1 of either NAA or 2,4-D, to induce callus 
formation Following an eight weeks period of culture, pieces of callus were subcultured to the same 
medium supplemented with 1 mgA BA to induce shoot regeneration For examination of the 
BARNASE phenotype in microspores and pollen, acid fuchsm-lactophenol staining was used to 
estimate the viability of the pollen at anther dehiscence, and pollen was germinated in Brewbaker and 
Kwack (BK) medium according to the procedure described by Bino et al (1987) DAPI staining, as 
described above, was used to localise accurately at which stage of development of microspores or 
pollen the çTomolei-bamase fusion was expressed The levels of reduced male fertility of individual 
plants, as deduced from pollen analysis, were compared with fruit capsule sizes and seed yields after 
self-fertilisation Finally, the hcntability of the promoter-éarwíwe construct was evaluated -Seeds 
from self-fertilisation and from pollination with wild-type SRI were germinated on MS medium 
supplemented with 1% saccharose and 100 mgA kanamycin to determine the inheritance of the T-
DNA from the transgenic parent plants Subsequently, a number of kanamycin resistant seedlings 
were grown to maturity, and the promoter-6arwa.se phenotype in microspores and pollen was studied 
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The purpose of the research described in this thesis is to study the presence and 
characteristics of gametophytically expressed genes invoked in early pollen development 
Features of pollen development at the morphological, physiological and molecular level are 
descnbed m Chapter 1 During the last decades, molecular biologists have investigated the 
molecular basis of pollen development Their efforts have resulted in the isolation and 
characterisation of 'early' genes and 'late' genes Transcripts of 'early' genes appear soon after 
meiosis and are reduced or undetectable in mature pollen Transcripts of 'late' genes are first 
detected around the time of microspore mitosis and continue to accumulate as pollen matures 
Transcripts of almost all 'early' genes descnbed are located in diploid anther tissue, a few genes 
are expressed both in diploid anther tissue and in microspores Most late genes characterised sofar 
are involved m pollen germination These genes are expressed in the gametophyte 
Since we are studying the whole process of pollen development we are interested in early 
genes that are only expressed in the early stages of development Until now, no microspore-
specific genes expressed exclusively in the gametophyte have been descnbed Therefore, we 
directed our attention to the penod before microspore mitosis to exclude genes involved in pollen 
maturation and germination A developmental stage was selected in which the developing 
gametophyte can be isolated from the anther to prevent isolation of genes expressed in diploid 
tissues The approach to start with free microspores is an important change with respect to 
previous attempts to isolate microspore-specific genes from whole anthers A cDNA library of 
microspores of tobacco was synthesised and differentally screened The analysis of the isolated 
clones is reported in Chapter 2 Clones from several different hybndisation groups were 
investigated for tissue and stage specificity by northern analysis of a range of sporophytic tissues 
and developing pollen in vanous stages Three cDNA clones were obtained whose hybridisation 
was restncted to transcripts from microspores No hybndisation was seen in later stages of pollen 
development nor m a wide vanety of sporophytic tissues One abundantly expressed clone was 
selected for further analysis and named ΝΊΜ19, an abbreviation for Nicotiana tabacum 
microspore-specific 
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Sequence analysis of the NTMJ9 cDNA clone revealed no homology with known genes 
and therefore did not give any clue for its regulation and for a distinct function of the gene 
product To identify regulatory sequences of this microspore-specific gene it was isolated and its 
characteristics are described in Chapter 3 Computer analysis of the sequence resulted in an 
encoded protein with a molecular mass of 10 8 kD and a pi of 6 92 A signal peptide is predicted 
that is involved in transport of secreted proteins or targeting of membrane proteins One possible 
phosphorylation site at a senne residue is determined The hydropathy plot shows/when the signal 
sequence is excluded, at the N-terminus a hydrophyhc region followed by a smooth distribution of 
hydrophyhc and hydrophobic ammo acids The amino acid character predicts a peripheral 
membrane protein based on the hydropathy plot 
Tobacco is an amphidiploid species that contains the fused diploid genomes of the two 
ancestor species As a certain chromosome is represented four times, the chance to detect more 
than one sequence related to the NTMI9 gene (a gene family) in tobacco is enhanced Indeed, the 
NTM19 gene was found to belong to a small gene family The presence of a gene family may 
hinder attempts to characterise a single member However, by comparison of the sequences of the 
cDNA and the genomic clone it was confirmed that the corresponding gene of the N1M19 cDNA 
was isolated Another aspect of the amphidiploid character of tobacco is the inheritance of the 
NTMJ9 gene from one of the two ancestor species Only one ancestor of tobacco is known with 
certainty (Nicotiana sylvestris) but doubt exists about the second ancestor (N tomenlosiformis or 
JV olophora) The presence and size of the ancestor of the ΝΊΜ19 gene might clarify the 
evolutionary relationship between them Southern analysis of the tobacco ΝΊΜ19 gene pointed to 
N tomentosifortms as the second ancestor The similar inheritance pattern of another tobacco 
gene, the pollen-specific NTP303 gene (Wetenngs et al, 1995) led to the same conclusion 
Other plant species were investigated for the presence of sequences homologous to the 
NTMJ9 gene Homologous sequences were present in other Solanaceous species such as Petunia 
hybnda and also in the monocot Tradescantia virgmiana No homologous sequences were 
detected in Brassica olerácea and Verbascum lhapstis 
By in situ hybridisation and confocal laser scanning microscopy, tissue specificity and 
microspore stage specificity of the NIM19 gene were confirmed and extended In Chapter 4, 
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NTM19 is shown to be exclusively expressed in early microspores NTM19 is the first gene 
reported that can be classified temporally and spatially as microspore-specific 
The characteristics of the microspore-specific ΝΊΜ19 promoter were compared to another 
promoter also expressed in microspores, the Bp4 gene of В napus (Albani et al, 1990) This was 
done to identify the usefulness of promoters as tools for the further dissection of pollen develop­
ment Microspore-specific promoters may be used to express foreign genes in microspores after 
genetic modification The Bp4 gene was classified as microspore-specific by the authers who first 
described this gene However, the gene is active during a much longer period of pollen 
development, from tetrads up to mature pollen The temporal expression during pollen 
development and the tissue specificity of the ΝΊΜ19 and the Bp4 promoter were analysed in 
transgenic plants, by promoter-reporter fusions transferred to tobacco The results of these experi­
ments are presented in Chapter 5 The NTM19 promoter coupled to the ¿Mi-reporter showed a 
peak of activity only in the microspore stage In contrast to ΝΊΜ19 , the Bp4 promoter was only 
activated after microspore mitosis at a rather low level Many sporophytic tissues of NJMJ9-gus 
and Bp4-gus plants were analysed and both promoters showed no activity in these tissues In 
conclusion, the NTMI9 promoter is exclusively and strongly expressed in microspores In 
tobacco, the qualification 'microspore-specific' for the Bp4 promoter has to be redefined as 
'pollen-specific' 
A second reporter gene, the RNase BARNASE, whose activity results in cell ablation, was 
used as a very sensitive tool to determine the start of gene expression Promoter activity resulted 
in cell ablation which was first visible in microspores of KIM19-bamase plants and in bicellular 
pollen oîBp4-bamase plants As controls callus, embryos and young seedlings were examined for 
ΝΊΜ19 and Bp4 promoter activity but no cell ablation was observed Female fertility was not 
affected in the barríase plants The BARNASE responses in both NTM19 and Bp4 transformed 
plants underlined that only the NTMI9 gene is microspore-specific and that the Bp4 is expressed 
in a more extended period of pollen development in in tobacco and in В napus 
The conclusions from the investigations to determine the expression pattern of NTM19 has 
led us indisputably to the classification of the first reported microspore-specific gene Northern 
analysis, m situ hybridisation and transgenic plants containing promoter-reporter fusions, all led to 
the characterisation of NTMI9 as a unique microspore-specific gene The use of isolated 
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microspores to detect microspore-specific genes has successfully been demonstrated to be a 
powerful improvement in the research of pollen development 
The sequence data of the NTM19 gene show no similarity with known (structural) proteins 
that are already known to be present m microspores The NTM19 gene is abundantly, but 
temporarily transcribed and the presence of polar amino acid residues in the deduced protein 
suggests a peripheral location at the membrane A role for the NTM19 protein in the formation of 
the întine layer or in asymmetrical mitosis is possible 
In regard to mitosis, the NTM19-protein is present in the short period that the microspores 
are preparing for, and undergo mitosis A role for the NTM19 in the 'normal' symmetrical 
mitosis that occurs in somatic cells can be excluded since no gene activity was seen in dividing 
root tips from normal and A7M79-transgenic plants (Chapter 2 and Chapter 5) Concerning the 
mechanism of the asymmetrical mitosis not much data are available Gonczye/я/ (1996) have 
described that m yeast the asymmetrical mitosis is a process in which the polarity of the cells, 
which is so characteristic for asymmetrical mitosis, is directed by gradients of cortical signal 
molecules which interact with the cytoskeleton How the mechanism operates in higher plants is 
yet unknown Eady et al (1995) have studied the morphological differences between the 
vegetative and generative cell during the sequential steps of polarisation They suggested the 
occurence of a specific regulatory factor that directs gene expression in a specific manner in the 
two types of cells of the dividing microspores Before asymmetrical mitosis, the microspore 
nucleus migrates towards a polar position in the cell, anchors and joins with the plasma 
membrane The abundant transcription of the NTM19 gene, which may point to a structural 
protein, and the indication for a peripheral membrane-bound location makes the NTM19 protein 
a good candidate to function in the cytoskeletal preparation for the asymmetrical mitosis of 
microspores 
In regard to the function of the NTM19 protein further investigations are required 
Immunolocahsation of the protein will pinpoint its place of action The effects of lnactivation of 
the gene, by a sense or anti-sense approach in transgenic plants, might also give insight into the 
role of the NTM19 protein in microspore development In addition, the possibility to direct 
microspore mitosis in an asymmetrical (resulting in pollen) versus symmetrical way (resulting in 
somatic embryogenesis) offers opportunities to study the regulation of both types of cell division 
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The strictly microspore-specific promoter activity of ΝΊΜ19 offers the potential for application 
by manipulating these developmental pathways in favour of the soomatic embryogenesis 
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Het onderzoek in dit proefschrift was gericht op het verkrijgen van meer kennis van de 
genetische regulatie van de vroege ontwikkeling van stuifmeel Het doel van dit onderzoek was 
het isoleren en karakteriseren van genen die tot alleen tot expressie komen in het ontwikkelende 
pollen en niet m het omringende sporofytische weefsel van de anthère In hoofdstuk 1 zijn 
kenmerken van het proces van de pollenontwikkeling op morfologisch, fysiologisch en moleculair 
niveau beschreven Gedurende de laatste decennia is door moleculair biologen onderzoek verricht 
naar de moleculaire grondslagen van de pollenontwikkeling Dit onderzoek heeft geresulteerd in 
het isoleren en karakteriseren van 'vroege' en 'late' genen De transcripten van vroege genen zijn 
voor het eerst aan te tonen vanaf het moment van de microspore mitose en de concentratie van 
deze transcripten neemt af gedurende de njping van het pollen De transcripten van bijna alle 
beschreven vroege genen zijn gelokaliseerd in het diploide weefsel van de antheren, enkele 
genen komen tot expressie in het diploide anthère weefsel en in de microsporen De meeste late 
genen die tot nu toe gekarakteriseerd zijn spelen een rol in de pollenkieming Deze genen komen 
tot expressie in de gametofyt 
Omdat het gehele proces van pollenontwikkeling onderwerp van onderzoek is, zijn we 
geïnteresseerd in genen die uitsluitend tot expressie komen in de vroege stadia van 
ontwuikkeling Tot nu toe waren er geen microspore-specifieke genen beschreven die 
uitsluitend in de gametofyt tot expressie komen Daarom hebben we ons gericht op de periode 
voor de microspore mitose om genen die tot expressie komen tijdens de njping en kieming van 
stuifmeel uit te sluiten De keus voor een ontwikkelingsfase werd gebaseerd op de mogelijkheid 
de ontwikkelende gametofyt te isoleren van het omringende weefsel Zo kan worden voorkomen 
dat genen geïsoleerd worden die tot expressie komen in diploide weefsels Deze aanpak om te 
starten met geïsoleerde microporen is een belangrijke wijziging ten aanzien van eerdere pogingen 
waarbij complete antheren gebruikt werden om microspore-specifiieke genen te isoleren Er 
werd een cDNA bank van microsporen van tabak gemaakt en deze bank werd differentieel 
gescreend De resultaten van een onderzoek naar weefsel- en pollenstadiumspecificteit van 
geïsoleerde klonen afkomstig uit veschillende hybndisatiegroepen zijn opgenomen in hoofdstuk 
2 Door middel van een northern analyse van een verscheidenheid aan sporofytische weefsels en 
103 
Chapter 7 
pollen in verschillende ontwikkelingsstadia werden drie cDNA-klonen verkregen die uitsluitend 
hybndiseerden met microsporen In de onderzochte andere stadia van pollen ontwikkeling en 
sporofytische weefsels werd er geen hybridisatie waargenomen Een kloon die een sterk 
hybndiseatiesignaal te zien gaf werd geselecteerd voor verder onderzoek en kreeg de naam 
ΝΊΜ19, een afkorting voor Nicotiana tabacum microspore-specifiek 
De sequentie-analyse van de N1M19 cDNA kloon leverde geen homologie op met 
bekende genen en daarmee geen inzicht in de regulatie en functie van het genproduct Het 
corresponderende gen werd geïsoleerd en regulatoire gebieden van het gen gekarakteriseerd De 
resultaten zijn beschreven in hoofdstuk 3 De computeranalyse van de nucleotiden-sequentie 
resulteerde in de omzetting tot een eiwit met een molecuulmassa van 10,8 dalton en een ïso-
electnsch punt met een pi waarde van 6,92 Op basis van de aminozuursamenstelling wordt de 
aanwezigheid van een signaalpeptide voorspeld, die is betrokken bij het transport of sturen van 
uitgescheiden membraaneiwitten naar bepaalde celorganellen Bij een senne reidue kan mogelijk 
fosforylatie optreden In het hydropathiepatroon is aan de N-terminale zijde een hydrofiele regio 
zichtbaar, die gevolgd wordt door een gelijkmatige verdeling van hydrofiele en hydrofobe 
aminozuren Dit patroon wordt verkregen als de signaalsequentie buiten beschouwing gelaten 
wordt Uitgaande van de eigenschappen van de aanwezige aminozuren wordt een perifeer 
membraaneiwit voorspeld 
Tabak is een amfidiploide soort, die bestaat uit twee gefuseerde diploide genomen van 
twee vooroudersoorten Omdat elk chromosoom 4 keer aanwezig is, bestaat er een grotere kans 
dat er meer dan een sequentie die gerelateerd is aan het NTM19 gen (een genfamihe) gevonden 
wordt in tabak Het NTM19 gen blijkt inderdaad deel uit te maken van een kleine genfamihe De 
aanwezigheid van een genfamihe kan het karakteriseren van een enkel familielid bemoeilijken 
Door de sequentie van de cDNA kloon en de genomische kloon met elkaar te vergelijken kon 
worden bevestigd dat het corresponderende ΝΎΜ19 gen geïsoleerd was Een ander aspect van 
van het amfidiploide karakter van tabak is de overerving van het NTM19 gen van een van de 
beide voorouders Slechts een van de voorouders van tabak is met zekerheid bekend (Nicotiana 
sylvestris) maar er bestaat twijfel over de tweede voorouder (N tomentosiformts of Notophora) 
De aanwezigheid en lengte van het gen van de voorouder van het ΝΊΜ19 gen kan de 
evolutionaire verbinding tussen beide verduidelijken De Southern analyse van het NTM19 gen uit 
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tabak wees N tomentosiformis aan als tweede voorouder van tabak Een vergelijkbaar 
overervingspatroon van een ander pollen-specifiek NTP303 gen (Wetenngs et α/ ,1995) leidde tot 
dezelfde conclusie 
Andere plantensoorten werden onderzocht op de aanwezigheid van sequenties die 
homoloog zijn met het NTM19 gen In andere Solanaceae zoals Petunia hybrida en in de 
monocotyl Tradescantia virgmiana werden homologe sequenties aangetoond Er werden geen 
homologe sequenties gevonden m Brassica oleraceae en in Verbascum thapsus 
Door middel van in situ hybridisatie en confocale laser scanning microscopie werd de 
weefsel- en microsporespecificiteit bevestigd en verder uitgebreid In hoofdstuk 4 is te zien dat 
NTM19 uitsluitend tot expressie komt in vroege microsporen NTM19 is het eerst beschreven gen 
waarvan de transcripten ten aanzien van plaats en periode van voorkomen als microspore-
specifiek geclassificeerd kan worden 
De eigenschappen van de microspore-specifieke NTMJ9 promoter werden vergeleken met 
een andere promoter van het Bp4 gen uit В napus (Albani et al ,1990) Op deze wijze konden 
beide promoters onderzocht worden op hun bruikbaarheid als instrument voor de verdere analyse 
va de pollenontwikkeling Microspore-specifieke promoteren kunnen toegepast worden om 
soortvreemde genen tot expressie te brengen in microsporen na genetische modificatie Het Bp4 
gen was als microspore-specifiek geclassificeerd door de auteurs die dit gen als eerste 
beschreven Desalniettemin is dit gen actief gedurende een veel langere periode van de 
pollenontwikkeling namelijk vanaf tetraden to njp pollen De tijdsduur van expressie gedurende 
de pollenontwikkeling en de weefselspecificiteit van de NTMI9 en de Bp4 promoter werden 
geanalyseerd in transgene planten door promoter-reporterconstructen in te brengen in tabak De 
resultaten van dit onderzoek zijn weergegeven in hoofdstuk 5 De N1M19 promoter gekoppeld 
aan een gwi-reporter vertoonde alleen een piek in het microsporestadium In tegenstelling 
daarmee werd de Bp4 promoter geactiveerd pas na de microspore mitose en op een vnj laag 
niveau Een grote verscheidenheid aan sporofytische weefsels werd geanalyseerd en beide 
promoters vertoonden geen activiteit in deze weefsels De conclusie hieruit is dat de NTM19 
promoter uitsluitend en sterk tot expressie komt in microsporen In tabak moet de kwalificatie 
'microspore specifiek' voor de Bp4 promoter vervangen worden door 'pollenspecifiek' 
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Chapter 7 
Een tweede reportergen, het Rnase BARNASE waarvan de activiteit resulteert in het 
afsterven van cellen, is een erg gevoelig instrument om het begin van de genexpressie te bepalen 
De promoteractiviteit die resulteert in celafsterving werd als eerste waargenomen in microsporen 
van JV7M/9-bamase planten en in bicellulair pollen voor Bp4-bamase planten Ter controle 
werden callus,embryos en jonge zaailingen onderzocht maar er werden geen dode cellen gezien 
Ook was er geen invloed op de vrouwelijke vruchtbaarheid waar te nemen De waargenomen 
BARNASE respons in de NTM19 en Bp4 planten onderstrepen dat alleen NTM19 microspore-
specifek is en dat de Bp4 tot expressie komt gedurende een langere periode tijdens de 
pollenontwikkeling in tabak en in В napus 
Uit het onderzoek gericht op de bepaling van het expressiepatroon van ΝΓΜ19 is de 
conclusie eenduidig dat NTM19 het eerst beschreven microspore-specifieke gen vormt De 
northern analyse, de m situ hybridisatie en de transgene planten met promoter-reporterconstructen 
leidden alle tot de karakterisering van NTM19 als een uniek microspore-specifiek gen Het 
gebruik van geïsoleerde microsporen om microspore-specifieke genen op te sporen is een 
succesvolle verbetering gebleken in het pollenonderzoek 
De sequentiegegevens van het NTMJ9 vertonen geen overeenkomst met bekende 
(structuur-) eiwitten waarvan bekend is dat ze in microsporen aanwezig zijn Het NTM19 gen 
wordt gedurende een korte periode abundant getranscribeerd en de aanwezigheid van polaire 
amino-zuurresiduen m het afgeleide eiwit suggereren een perifere positie in de membraan Een 
rol voor het NTM19 eiwit in de vorming van de intinelaag of m de asymmetrische mitose behoren 
ook tot de mogelijkheden 
Het NTM19 eiwit is aanwezig gedurende de korte periode dat de microsporen zich 
voorbereiden op de mitose en de mitose ondergaan Een rol voor NTMI9 in de normale symme-
trische mitose, die plaatsvindt in somatische cellen, kan uitgesloten worden omdat er geen 
genactiviteit gevonden werd in delende wortelpunten in normale en in transgene planten 
(hoofdstuk 2 en hoofdstuk 5) Ten aanzien van het mechanisme van de asymmetrische mitose is 
beperkte informatie beschikbaar Gonczy et al hebben beschreven dat in gist de asymmetrische 
mitose een proces is waarbij de polariteit van de cellen, die zo karakteristiek is voor de 
asymmetrische mitose , gestuurd wordt door gradiënten van corticale signaalmoleculen die een 
interactie aangaan met het cytoskelet Hoe dit mechanisme werkt in hogere planten is onbekend 
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Samenvatting en conclusies 
Eday et al (1995) hebben de morfologische verschillen bestudeerd tussen de vegetatieve en 
generatieve cel tijdens de opeenvolgende fasen in de polarisatie Zij suggereerden het optreden 
van een specifieke regulatiefactor, die de genexpressie reguleert op een specifieke wijze in de 
twee celtypen van de delende microsporen Voorafgaand aan de asymmetrische mitose verplaatst 
de kem van de microspore zich naar een polaire positie m de cel en hecht zich aan het 
plasmamembraan De abundante transcriptie van het NTM19 gen, die duidt op de mogelijkheid 
van een structureel eiwit, en de aanwijzing voor een perifere positie in de celmembraan maken 
het NTM19 eiwit een goede kandidaat voor een functie in de voorbereiding van het cytoskelet 
voor de asymmetrische mitose van de microsporen 
Ten aanzien van de functie van het NTM19 eiwit is verder onderzoek nodig Een 
ïmmunolokalisatiestudie van het eiwit zal een precieze plaatsbepaling van het functioneren van 
het eiwit opleveren Het resultaat van de inactivenng van het gen, door een sense of antisense 
benadering in transgene planten, kan mogelijk inzicht geven m de rol van het NTM19 eiwit m de 
ontwikkeling van microsporen In aanvulling hierop biedt de mogelijkheid om de microspore 
mitose te sturen, in een asymmetrische dan wel symmetrische richting (resulterend in somatische 
embryogenese), de gelegenheid om de regulatie van beide typen van celdeling te bestuderen De 
stnkt microspore-specifieke promoteractiviteit van ΝΊΜ19 biedt toepassingsmogelijkheden in 
de manipulatie van deze ontwikkehngsroutes in de richting van de somatische embryogenese 
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